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Thesis Summary 
Sunlight is essential to plants as the main energy source for photosynthesis, yet 
excess light energy that cannot be processed in photosynthesis can be damaging. 
Australian plants are regularly exposed to very intense light, enriched in ultraviolet 
(UV) radiation. This places them at direct risk of photodamage and cellular oxidative 
stress. Low inorganic phosphate (Pi) availability, characteristic of Australian soils, can 
reduce the energy threshold of photosynthesis and exacerbate photodamage. Whilst 
intense light and low Pi are common in Australian ecosystems, relatively little is 
known about the strategies generalist plant species use to overcome these stressful 
conditions. This thesis will address this gap in scientific knowledge, increase the 
general understanding of plant stress responses and identify traits associated with 
increased stress tolerance that could potentially be exploited in future crops. 
This thesis investigates the individual and combined impact of solar UV, light 
intensity and Pi availability on plant physiology, development and biochemistry in 
native Australian species and in domesticated sunflower (Helianthus annuus L.). 
Spectral screens allowed us to assess plant responses to solar UV components; 
short-term responses to changes in Pi availability were investigated by adding 
exogenous P, and biochemical strategies to tolerate long-term Pi limitation were 
ascertained by using paired sub-alpine ecosystems with naturally contrasting 
availability of Pi, a unique approach in this area of research. In situ gas exchange 
measurements were complemented with laboratory analyses of leaf biochemistry, 
leaf optical properties and leaf anatomy. 
UV radiation is largely considered detrimental to plant cells, however beneficial 
effects of solar UV have also been noted. This thesis adds to both bodies of work: I 
found exposure to solar UV promotes accumulation of epidermal UV screening 
compounds and up-regulates biosynthesis of foliar antioxidants in native sub-alpine 
plants and in H. annuus. Solar UV increased rates of photosynthesis and leaf energy 
content of H. annuus. On the other hand, solar UV also imposed a significant carbon 
cost to native plant species adapted to intense solar radiation.  
Plants exhibit a number of strategies to redistribute internal P resources when supply 
is limited. This thesis presents examples of native plants reducing allocation of Pi to 
phospholipids in response to long term P limitation, albeit insufficient to maintain 
photosynthetic rates comparable to sites without P-limitation. Exposure to solar UV 
increased substitution of membrane galactolipids for phospholipids, thereby 
preventing low Pi supply from compromising photosynthesis in H. annuus. 
 iv 
Rarely do studies consider together the acclimation and adaptation strategies that 
plants adopt to tolerate stress. In this thesis native sub-alpine plants showed 
phenotypic plasticity in response to short-term increases in Pi availability (increased 
capacity for Pi uptake and ability to modify leaf lipid biochemistry) and reductions in 
light intensity (by reducing foliar antioxidant capacity). There was however no effect 
on photosynthesis suggesting the latter may well be genetically regulated to cope 
with long-term trends of Pi availability and light intensity. 
Throughout the studies reported in this thesis, it was clear that both native and 
agricultural plants, have evolved strategies to cope with intense light and soils 
lacking in phosphorus. Perhaps the biggest distinction is that these adaptive 
responses were adequate to alleviate potential reductions in photosynthetic rate for 
domestic agricultural crops, yet in native plants these responses reduce rates of 
photosynthesis. From an agricultural perspective, these results suggest that 
genetically inherited traits from native plants could increase tolerance to 
environmental stress in crop species but at a cost to plant productivity. Future work 
focussing on elucidating impacts of stress on photosynthesis are needed to fully 
explore potential benefits of native plant traits for agriculture. 
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1 General Introduction 
 
1.1 Background and motivation 
Plants in Australia are exposed to some of the brightest (Salby, 2012) and potentially 
most damaging spectral light environments on earth (Roy et al., 1995). Native plants 
must also cope with soils poor in a number of nutrient elements, especially 
phosphorus (McKenzie et al., 2004). Understanding plant responses to these 
environmental conditions, and the coping ‘strategies’ they have evolved, is essential 
to accurately predict plant productivity and potential changes in ecosystem structure 
and function with global environmental change. Knowledge of the stressful nature of 
light and soil environments in Australian ecosystems dates back decades but our 
knowledge of how plants deal with these remains poor, and is almost non-existent for 
their interactions. 
Light is an essential requirement for all plants, and both the quantity and spectral 
quality of light drive plant productivity and development. While light is required for 
plants to maintain photosynthesis, excess light can have harmful effects. Leaf cells 
can be damaged - known as ‘photodamage’ - when the amount of light energy 
received by chloroplasts exceeds that which can be processed in photosynthesis 
(Demmig-Adams & Adams, 1992). Both excess visible light (λ 400 - 700 nm) and 
high-energy solar UV radiation (λ 280 - 400 nm) have the potential to damage plant 
cells (Vass et al., 2005).  While there remains considerable uncertainty as to the 
exact molecular mechanisms underpinning photodamage, production of superoxide 
(O2-, and a number of derived molecular species e.g. H2O2, OH) is widely 
considered to be a significant vector. On average, Australia receives more solar 
radiation per square metre than any other continent (Bahadori & Nwaoha, 2013) 
putting many plants at considerable risk of photodamage and related ‘oxidative 
stress’. 
Phosphorus (P) is one of the most critical nutrients for plant function and adequate 
supplies are essential for normal plant growth and development. Plants acquire 
phosphorus as inorganic phosphate (Pi) from the soil solution. Soil concentrations of 
P are comparatively less in Australian soils, due to long-term tectonic stability, 
erosion, and a general lack of the glacial activity that helps convert rock-stored P into 
more plant available forms (McKenzie et al., 2004). Availability of Pi from soils is 
often further reduced as it is easily immobilized in insoluble complexes with organic 
matter and mineral cations (e.g. Fe and Al; Schachtman et al., 1998).  Many 
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Australian soils are derived from sedimentary parent material (Handreck, 1997; 
Manning, 2008) and the P content of their surface horizons is prone to leaching to 
below the rooting zone. Australian agriculture has thus been heavily reliant on 
application of P fertilisers to increase availability of Pi to crops. Most of this fertiliser is 
derived from non-renewable deposits of rock- or guano-derived phosphate that could 
be exhausted within 50-100 years (Cordell et al., 2009). With increased demand for 
food also predicted, phosphorus deficiency is set to become one of the major threats 
to future plant productivity in Australia. Identifying traits and strategies that allow 
native plants to overcome P stress could help provide sustainable solutions to 
overcome future P limitations in agriculture. 
Whilst intense light and soils with limited available P characterise much of Australia, 
their combined effects on plant growth and productivity could well be greatest in 
mountainous sub-alpine ecosystems.  The total quanta of incident light, and 
proportion of UV, both increase with altitude due to decreased air mass, low 
atmospheric turbidity and reduced attenuation of sunlight in the atmosphere 
(Blumthaler et al., 1997; Lubin et al., 1998).  Pi is also often less available in sub-
alpine soils due to cool temperatures that restrict decomposition of organic matter, 
and mineralization of organic P by microorganisms (Vance et al., 2003). Glaciation 
was also very restricted in the Australian high country, and has been absent for 
millennia. The characteristically acidic soils serve to further inhibit Pi uptake by roots 
(Dakora & Philips, 2002).  
 
1.2 Statement of purpose 
Native plants in sub-alpine Australian ecosystems have adapted to survive under 
adverse conditions, however the strategies they use to tolerate high light stress and 
Pi limitation have not been examined. This thesis provides a first attempt to elucidate 
plant responses to these two major environmental influences. I conducted 
experimental work in sub-alpine ecosystems of the Snowy Mountains of New South 
Wales and the Australian Alps in Victoria (Figure 1.1).  Further studies were 
conducted under controlled conditions. The remainder of this chapter will provide a 
brief background to plant responses to high light exposure, solar UV radiation and 
low Pi availability, followed by the main research questions and an outline of the 
thesis. 
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Figure 1.1 Map of southeastern Australia. Main regions of study are highlighted; 
Snowy Mountains, red; Australian Alps, blue. 
 
1.3 High light and solar UV 
1.3.1 Responses to excess visible light and solar UV 
Visible light (λ 400 - 700 nm) is often referred to as photosynthetically active radiation 
(PAR) because it is the primary energy source for photosynthesis (McCree, 1972).  
However excess visible light can damage the photosynthetic apparatus. Photosystem 
II (PSII) reaction centres are most susceptible to damage from excess light, in 
particular the D1 protein. PSII is said to be photoinhibited when the rate of D1 protein 
degradation overtakes rates of repair and re-synthesis (Tyystjarvi, 2008). 
Photosystem I is also susceptible to photoinhibition, albeit to a lesser degree than 
PSII (Sonoike, 2011). High light intensities lead to increased formation of reactive 
oxygen species (ROS), such as hydrogen peroxide (H2O2) and superoxide (O2-), in 
the thylakoid membrane (Foyer et al., 1994). ROS do not damage PSII directly but 
rather inhibit repair and de novo synthesis of proteins (Nishiyama et al., 2006). These 
highly oxidising compounds can also cause significant damage to plastidic and extra-
plastidic proteins, lipids, carbohydrates and nucleic acids (for review see Demidchik, 
2015). Photoinhibition and photodamage can be reversed in some cases, but in 
others cause irreversible loss of physiological function. 
UV radiation occupies only a small portion of terrestrial solar radiation yet is more 
energetic than visible light and has greater potential to damage plant cells. UV can 
damage plant cells in the same way as excess visible light but also causes direct 
 4 
degradation of nucleic acids, proteins, lipids and photosynthetic machinery (for 
review see Vass et al., 2005). Much early work focussed on how stratospheric ozone 
depletion and consequent enhanced solar UV in the biosphere would affect plants. It 
is worth noting that rarely is ambient solar UV detrimental to native plants under 
natural conditions. Recent work has highlighted that excluding solar UV can cause 
reduced photosynthetic capacity and photoprotection in studied plant genera (Brown 
et al., 2005; Wargent et al., 2015). In physiological terms, it has long been 
recognized that chlorophyll a can absorb UVA wavelengths and directly drive 
oxidative photosynthesis (McCree, 1972; Inada, 1976). Re-absorbance of fluoresced 
blue and green photons from UV-excited screening compounds can thus also 
indirectly contribute to photosynthesis (Johnson & Day, 2002; Mantha et al., 2001). 
Light can also act as an informational signal that influences important events in the 
plant life cycle. Several photoreceptors have evolved to perceive light ranging from 
UV to near infrared, although only one is known to be UV-specific – the UV 
resistance locus 8 protein (UVR8; Rizzini et al., 2011). The main function of UVR8 is 
to promote photoprotective mechanisms in response to UVB exposure (see section 
1.3.2; Brown et al., 2005), although UVR8 also has roles in physiological regulation 
and morphological development (Davey et al., 2012). The protein is expressed 
throughout the plant allowing for immediate response to UVB exposure and 
promotion of photoprotective measures in any plant organ (Rizzini et al., 2011). 
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1.3.2 Photoprotection 
Through evolution, plants have mechanisms for all of: (i) reducing the amount of light 
reaching the mesophyll, (ii) actively dissipating excess energy that reaches 
photosynthetic apparatus, and (iii) detoxifying ROS (Figure 1.2).  
 
Figure 1.2 Active (left) and inactive (right) mechanisms of photo-protection from high 
intensity visible light and solar UV. Modified from Solovchenko & Merzlyak (2008). 
Reducing light reaching the mesophyll 
Only a small portion of incident light (generally < 5%) is reflected at the leaf surface 
whilst the rest penetrates leaf tissues (Holmes & Keiller, 2002). A suite of different 
chemicals accumulate in the epidermis and upper mesophyll in response to visible 
and UV wavelengths, offering broad-spectrum UV-VIS protection of the 
photosynthetic machinery (for review see Solovchenko & Merzlyak, 2008). Phenolic 
acids and flavonols accumulate in response to UV wavelengths and have strong 
absorption peaks in both the UVA and UVB regions. Anthocyanins, carotenoids and 
keto-carotenoids, on the other hand, accumulate in response to excess visible light 
and absorb strongly in the blue, blue-green and green regions respectively 
(Solovchenko & Merzlyak, 2008). Many screening compounds are excited by UV 
wavelengths, emitting as fluorescence lower energy visible photons, reducing the 
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total energy load that reaches the mesophyll (Lenk & Buschmann, 2006). Fluoresced 
visible photons also have the potential to be reabsorbed by chlorophyll and drive 
photosynthesis (Johnson & Day, 2002). As photosynthesis is often sink-limited (Zhu 
et al., 2010), accumulation of these screening compounds may result in up-regulation 
of photosynthetic capacity by providing a further sink for photosynthate. 
Active energy dissipation 
Plants also have a number of active mechanisms that serve to dissipate excess 
energy reaching the mesophyll. Excess light absorbed by chlorophyll (Chl) molecules 
can be processed in three ways; it can be: 
 used to drive photosynthesis (photochemical quenching),  
 dissipated as heat (xanthophyll cycles and non-photochemical quenching), 
 re-emitted as photons of lower energy (fluorescence) (for reviews see Muller 
et al., 2001; and Latowski et al., 2011).  
Excess light that is transferred from Chl to PSII and PSI has the potential to 
indirectly reduce O2 to superoxide O2-. The risk of superoxide production can 
however be alleviated by the so-called water-water cycle (also known as the Mehler 
reaction). In the water-water cycle, one molecule of O2 is reduced to two molecules 
of H2O in PSI with electrons generated from H2O in PSII (for review see Asada, 
1999). 
Detoxifying ROS 
Plants possess a diverse network of foliar antioxidants that function to detoxify ROS 
produced under excess light. Ascorbate (Asc) and glutathione (GSH) are 
undoubtedly two of the most important antioxidants, and were described by Foyer 
and Noctor (2011) as the “heart of the redox hub”. Asc and GSH can function non-
enzymatically to scavenge ROS but also function enzymatically, either independently 
or interdependently, in the ascorbate-glutathione pathway (Figure 1.3; Foyer & 
Noctor, 2011). Non-enzymatic lipo-soluble antioxidants, such as tocopherols and 
carotenoids, are also important, particularly in prevention of lipid peroxidation 
(Demidchik, 2015).  Many of the screening compounds mentioned previously, 
including some anthocyanins and flavonoids, have secondary antioxidant properties 
that assist in maintaining leaf redox homeostasis (Close et al., 2001; Gould, 2004). 
Antioxidant biosynthesis is promoted by high light intensity and by UV exposure 
(Grace & Logan, 1996; Kataria et al., 2012), as well as by a number of other 
environmental factors, including nutrient deficiency (Zhang et al., 2014). 
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ROS can be toxic to plant cells, however they also play integral roles in cell signalling 
pathways and acclimation responses to stress (Suzuki et al., 2012). Redox signalling 
pathways are part of a large stress response network that is also influenced by plant 
hormones and growth regulators (Foyer et al., 2016). Responses to single abiotic 
and biotic stresses have been characterized extensively, and it is now clear that 
these often share common signals and pathways providing cross-tolerance to other 
stresses (Foyer et al., 2016). The ubiquitous nature of this plant stress response 
network suggests that exposure to high light could make plants more resilient to 
nutrient limitations or vice versa. Relatively little information is available on cross-
tolerance phenomena yet increased understanding will allow for identification of new 
targets for increased stress tolerance in future crops. 
 
 
Figure 1.3 The independence and interdependence of glutathione and ascorbate in 
peroxide metabolism, adapted from Foyer & Noctor (2011). Enzymes for each redox 
reaction are shown in italics. APX, ascorbate peroxidase; ASC, reduced ascorbate; 
DHA, dehydroascorbate; DHAR, dehydroascorbate reductase; GR, glutathione 
reductase; GRX, glutaredoxin; GSH, reduced glutathione; GSSG, oxidized 
glutathione; GST, glutathione S-transferase; MDHA, monodehydroascorbate; 
MDHAR, mondehydroascorbate reductase; NADP, nicotinamide adenine 
dinucleotide phosphate; NADPH, reduced form of NADP; ROH, hydroxide group; 
ROOH, hydroperoxide group; PRX, peroxiredoxin. 
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1.4 Low phosphate availability 
1.4.1 Effects of low Pi supply 
Phosphorus is a plant macronutrient and is essential for normal growth and 
development. Phosphorus has many roles in plant cells. It is a major component of 
nucleic acids (DNA and RNA), essential plant metabolites (e.g. ATP, NADP, RUBP) 
and membrane lipids (phospholipids) (Lambers et al., 2012b). A supply of free Pi in 
the cytosol is also critical for photosynthesis. Under Pi deficiency, cytosolic Pi 
concentrations are often depleted, preventing phosphorylation of photosynthetic 
intermediates, such as ATP and RUBP, resulting in an excess of light energy and 
heightened susceptibility to photodamage (for review see Hernandez & Munne-
Bosch, 2015). Severe Pi deficiency can also lead to chlorophyll loss and reduced 
maximum quantum yield of PSII (Zhang et al., 2014). At a whole plant level, reduced 
Pi supply impairs aboveground growth, accelerates senescence and ultimately 
reduces yield (Hernandez & Munne-Bosch, 2015). 
1.4.2 Strategies to tolerate low Pi supply 
P-uptake 
Native plants have evolved strategies to cope with generally poor supplies of 
phosphorus from soils and to use it more efficiently once it has been acquired (Figure 
1.4). Increased root-to-shoot ratios, more and longer adventitious roots, and 
promotion of root hair growth can increase acquisition of Pi from soil solutions by 
exploration of a larger volume of soil (Wissuwa, 2003). Exudation of organic acids 
and acid phosphatases, more abundant P solubilising microbes in the rhizosphere, 
together with more extensive mycorrhization can help provide access to organic 
pools of P (Vance et al., 2003, Richardson et al., 2011). A small number of plant 
species have evolved specialised root structures to further increase P uptake. Cluster 
roots of Proteaceae and dauciform roots of Cyperaceae are often singled out as 
helping these plants survive on severely Pi impoverished soils, by exuding large 
amounts of low molecular weight carboxylates that help break down organic P 
(Shane et al., 2006; Lambers et al., 2012a). Most crop species and native plants in 
Australia do not possess these structures and seemingly rely more heavily on 
efficient distribution of P amongst plant P pools (Richardson et al., 2011; Simpson et 
al., 2011). 
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Membrane lipid remodelling 
Replacement of phospholipids with galactolipids and sulfolipids has been highlighted 
as a plant strategy to cope with low Pi supply, allowing reallocation of P from less 
essential resources to new growth or metabolic use (for review see Nakamura, 
2013). Phospholipid replacement has been identified in all of the plasma, 
mitochondrial, tonoplast and chloroplast membranes (Andersson et al., 2005; Jouhet 
et al., 2004; Härtel et al., 2001), and has been reported for many higher plant species 
(Arabidopsis, Härtel et al., 2001; oat, Andersson et al., 2003; soy bean, Gaude et al., 
2004; Proteaceae, Lambers et al., 2012b) suggesting it is a widely used strategy for 
tolerating low P soils. A proposed pathway of lipid remodelling in response to low P 
stress is shown in Figure 1.5. Synthesis of phospholipases C and D are up-regulated 
under Pi starvation (Li et al., 2006; Nakamura et al., 2009), to convert phospholipids 
such as phosphatidylcholine (PC) to diacylglycerol (DAG). DAGs can then be used in 
the syntheses of digalactosyldiacylglycerol (DGDG) and 
sulfoquinovosyldiacylglycerol (SQDG), with expression of DGDG synthase and 
SQDG synthase also enhanced under Pi starvation (Kelly et al., 2002; Yu et al., 
2002). Lambers et al. (2012b) suggested that reduced investment in phospholipids 
and increased investment in P-free lipids could account for the high photosynthetic 
phosphorus use efficiency in Proteaceae species growing in severely P-impoverished 
soils of southwestern Australia. It is unclear the extent to which more generalist 
plants in Australia use this strategy. 
Remobilisation of P from senescent tissue 
Premature senescence is a typical plant response to P-starvation (Lambers et al., 
2015). Often regarded as detrimental in terms of plant development, senescence is a 
highly programmed degenerative process whereby nutrients and resources from old 
tissue are transported for new growth (Lim et al., 2007). Up-regulation of hydrolase 
activities, such as RNase and purple acid phosphatase, is a near-universal P-
starvation response, allowing P-scavenging from senescent tissue and other 
expendable P resources (Lambers et al., 2015). The efficiency of P resorption from 
senescing tissue is much greater in plants with limited Pi availability than those with 
plentiful supply (Vergutz et al., 2012; Hayes et al., 2014). One of the most notable 
features of Australian native plants is their ability to recoup significantly larger 
portions of P from senescing leaves than crop species or species native to northern 
hemisphere ecosystems (Shane et al., 2014). 
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RNA use 
Ribosomal RNA represent the largest pool of P in plant cells (~40% leaf organic P), 
thus more efficient use of ribosomal RNA can offer considerable P savings under low 
Pi supply (Veneklaas et al., 2012). This requires large numbers of ribosomes during 
leaf growth when protein requirement is high, only enough ribosomes for 
maintenance processes upon full leaf expansion, and no ribosomes at all upon leaf 
senescence (Veneklaas et al., 2012). At any given time a small fraction of ribosomes 
present are not actively synthesizing protein (Mustroph et al., 2009), so reducing this 
excess RNA could offer considerable P savings in future crop species.  
 
 
Figure 1.4 Above- and belowground adaptive strategies to tolerate low phosphate 
(Pi) availability. 
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Figure 1.5 A proposed metabolic pathway of membrane phospholipid replacement in 
leaves under P-stress, adapted from Nakamura (2013). Subcellular localization of 
pathways in the endoplasmic reticulum (ER), plasma membrane (PM), plastids and 
tonoplast membranes is based on characterized localization of key enzymes (in 
italics). Broken arrows suggest possible transport of lipids between cellular 
organelles. DAG, diacylglycerol; DGD, digalactosyldiacylglycerol synthase; DGDG, 
digalactosyldiacylglycerol; G3P, glycerol 3-phosphate; GDPD, glycerophosphodiester 
phosphodiesterase; Glc1P, glucose 1-phosphate; LPA, lysophosphatidic acid; LPC, 
lysophosphatidylcholine; MGD, monogalactosyldiacylglycerol synthase; MGDG, 
monogalactosyldiacylglycerol; NPC, non-specific phospholipase; PA, phosphatidic 
acid; PC, phosphatidylcholine; PLD, phospholipase D; PLP, phosphatidylcholine-
specific phospholipase; SQD, sulfoquinovosyldiacylglycerol synthase; SQDG, 
sulfoquinovosyldiacylglycerol; UDP-Glc, uridine diphosphate glucose; UDP-Sq, 
uridine diphosphate sulfoquinovose; UGP, uridine diphosphate glucose 
pyrophosphorylase. 
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1.5 Objectives and thesis outline 
Much work into the effects of UV on plants has focussed on the impacts of elevated 
UVB (Jordan et al., 1994; Cooley et al., 2000; Kataria et al., 2014), whilst those 
investigating plant responses to ambient solar UV have mostly used crop and model 
plant species (Arabidopsis thaliana, Davey et al., 2012; Lactuca sativa, Wargent et 
al., 2011; Hordeum vulgare, Klem et al., 2015). Almost nothing is known about the 
role of solar UV in productivity, biochemistry and development of tens of thousands 
of native plant species in Australia. Turnbull et al. (2013) recently highlighted that 
solar UVA can contribute to photosynthesis directly in Pimelea ligustrina, a native 
shrub of sub-alpine Australia, but further elucidation of the roles of both UVA and 
UVB in plant productivity, biochemistry and development of plants in these high light 
ecosystems is needed. 
Studies investigating strategies used by Australian plants to tolerate low Pi supply 
have largely focussed on the Proteaceae, that have highly specialised root systems 
(Shane et al., 2004; Denton et al., 2007; Lambers et al., 2012b; Sulpice et al., 2014). 
Little or nothing is known about more generalist forbs and grasses that are also 
adapted to long-term P stress in Australian ecosystems. 
This thesis helps elucidate the adaptive strategies of Australian native plants to high 
intensity light, solar UV and low availability of Pi in natural ecosystems and under 
controlled conditions. Understanding how plants respond to these potentially stressful 
conditions will increase both the general understanding of plant stress responses in 
Australia, and our ability to predict how global environmental change will affect 
natural and agro-ecosystems in the future.  
In Chapters 2, 3 and 4 these environmental conditions are considered individually, 
whilst in Chapters 5 and 6 the impacts of low P and intense light are considered 
together. 
Clarifying responses of native plants to solar UV is important to accurately predict 
future plant productivity, as well as to identify potential traits that could be exploited in 
agriculture to improve crop productivity and resilience to environmental stress. The 
main aim of Chapter 2 is to elucidate responses to solar UV in three native Australian 
sub-alpine plants adapted to intense solar radiation. A UV exclusion experiment was 
used together with measurements of photosynthesis and leaf biochemistry to 
determine the costs and benefits of solar UV to these species.  
Understanding the adaptive strategies that wild plants use to tolerate long-term 
limitation of Pi supply whilst maintaining fast rates of photosynthesis will be key to 
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sustainably optimizing crop productivity with reduced fertilizer input. Chapter 3 
characterizes the extent to which five plant species, of two sub-alpine ecosystems of 
contrasting parent material, adapt to long-term Pi availability by remodelling 
membranes (phospholipid replacement) and regulating photosynthetic capacity. 
Recent work has highlighted the benefits of solar UV to plant productivity and 
photoprotection (Wargent et al., 2011). However, the roles of solar UVA and UVB in 
plant development remain unclear. The main objective of Chapter 4 is to investigate 
the influence of solar UVA and UVB on the development of sunflower (Helianthus 
annuus L.), with particular attention to primary leaf senescence. Results are 
presented from a UV exclusion experiment with measurements of photosynthetic 
capacity and spectral properties taken weekly from germination to the end of 
senescence. 
It has been suggested that exposing plants to solar UV could provide cross-tolerance 
to other environmental stressors (Wargent & Jordan, 2013); particularly those that 
impact upon leaf redox status. Chapter 5 provides a test of how exposure to solar UV 
could increase tolerance of sunflower (Helianthus annuus) plants to low Pi supply. 
Results are presented from a UV exclusion and P fertilisation experiment. A shade 
treatment was also used to clarify whether plant responses were determined by UV 
wavelengths or intense light in general. 
Previous studies have often failed to consider the timeliness of adaptive strategies to 
intense light and limited Pi availability, yet it is imperative that we understand both 
adaptation (long-term) and acclimation (short-term) responses to these two stressors, 
particularly when predicting potential changes in plant productivity and ecosystem 
structure under global environmental change. Chapter 6 aims to identify strategies 
adopted by sub-alpine Australian forbs to short-term changes and long-term trends in 
Pi-availability and light. 
The findings of the various individual studies are reviewed at the end of the thesis in 
a general discussion. Limitations of the work and potential applications of the results 
are also discussed.  
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2 Solar UV up-regulates photo-protection but slows 
photosynthesis in sub-alpine Australian plants 
 
2.1 Summary 
Historically, UV radiation has been considered to have mostly negative impacts on 
plant physiology. Recently however, solar UV has been shown to have significant 
regulatory roles in the promotion of photosynthesis and photo-protection. Clarifying 
the roles and nature of plant responses to UV is particularly important to: (i) our 
general understanding of plant adaptations to high light environments, (ii) accurately 
predicting future plant productivity, and (iii) identifying traits that could be exploited to 
improve productivity in agriculture. I conducted a field-based, UV exclusion 
experiment to determine the physiological costs and benefits of solar UV radiation to 
three native sub-alpine Australian plants of contrasting life-forms: a tree (Eucalyptus 
pauciflora), a forb (Geranium antrorsum), and a grass (Poa hiemata). These three 
species employed a range of different strategies to cope with light stress, but still 
showed consistent photochemical and photosynthetic responses to UV. Compared to 
plants grown without UV (UV exclusion), those grown with UV had increased 
capacity for epidermal dissipation of excess light and for scavenging of reactive 
oxygen species by ascorbate. Inclusion of UV wavelengths in the growth 
environment slowed photosynthetic rates by 3 - 17% compared to those grown 
without UV. Contrary to recent literature, I show that solar UV has a significant 
carbon cost for native plants in high light, subalpine Australian ecosystems. 
 
2.2 Introduction 
Understanding relationships between plants and the spectral composition of light is 
essential if we are to accurately predict plant performance and potential changes in 
species composition with global environmental change. Australian plants are 
arguably exposed to some of the brightest (Salby, 2012) and potentially most 
damaging spectral light environments on earth (Roy et al., 2005). Those in subalpine 
Australian ecosystems are thought to be even more vulnerable due to temperature 
variation, scarcity of water and nutrient deficiency – all of which influence plant 
responses to spectral quality, particularly ultraviolet (UV) wavelengths (Bornman et 
al., 2015). 
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A number of mechanisms have been identified as evolutionary adaptations of plants 
to minimise damage from UV.  For example, some analyses suggest ~ 5% of incident 
UV radiation is reflected at the leaf surface and a further 90% is attenuated by 
screening compounds in the cuticle (Bruhn et al., 2014), trichomes (Karabourniotis et 
al., 1992) and epidermis (Bidel et al., 2007; Caldwell et al., 1983). These chemicals, 
including flavonoids and hydroxycinnamic acids, have absorption maxima in the UV 
waveband and accumulate under high UV (McCree & Keener, 1974; Solovchenko & 
Merzlyak, 2008; Barnes et al., 2013). UV that reaches the mesophyll can impede 
functions of the photosynthetic apparatus in similar fashion to excess radiation of 
longer wavelengths. Typically, both result in reactive oxygen species (ROS) 
accumulating in thylakoid membrane (Foyer et al., 1994) and inhibiting repair of PSII 
(Nishiyama et al., 2006). UV wavelengths can exacerbate such ‘oxidative stress’ 
(Barta et al., 2004), via oxygen radicals forming from peroxidases and oxidases, 
chlorophyll molecules and metabolic reactions in peroxisomes, as well as in the 
electron transport chain (Kataria et al., 2014). Oxidative stress can be alleviated 
biochemically by the ascorbate (Asc) and glutathione (GSH) antioxidative system 
(Figure 1.3; Foyer & Noctor, 2011). Whilst these two antioxidant compounds act 
together, they can also function independently as non-enzymatic antioxidants (Noctor 
et al., 2012; Toth et al., 2013). 
Solar UV is not universally damaging to plant photosynthetic physiology; for example, 
UV may directly (via chlorophyll a absorption: McCree, 1972; Inada, 1976; Turnbull et 
al., 2013) and indirectly (via reabsorption of UV-induced blue-green fluorescence: 
Johnson & Day, 2002; Mantha et al., 2001) drive oxidative photosynthesis in a range 
of plants. Furthermore, recent studies suggest acclimation to UV may result in 
subsequent enhancements of photosynthetic performance (e.g. in Lactuca sativa, 
Wargent et al. 2015). 
I tested in situ the impact of removing natural UV insolation on photosynthetic 
physiology of three Australian sub-alpine species: the canopy dominant tree 
Eucalyptus pauciflora, the forb Geranium antrorsum, and the grass Poa hiemata. The 
objective was to characterise the extent to which UV is a cost or a benefit to plants 
adapted to a high UV environment. I hypothesized that: a) UV exclusion would affect 
photoprotective mechanisms by down-regulating chemical and structural screening 
against UV as well as production of antioxidants, and b) that the ensuing reduced 
sink strength for photosynthate could potentially down-regulate photosynthetic 
capacity. I further hypothesized that capacity for direct utilization of UVA radiation by 
photosynthesis should follow decreased within-leaf screening of UV that 
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accompanies UV exclusion. To test these hypotheses, I combined field 
measurements of photosynthetic rate with laboratory analysis of leaf fluorescence 
and reflectance, redox chemistry and leaf anatomy. 
 
2.3 Materials and methods 
2.3.1 Site description and treatments 
I studied snow gum (Eucalyptus pauciflora Sieber x Spreng), rosetted cranesbill 
(Geranium antrorsum Carolin) and soft snow grass (Poa hiemata Vickery) growing in 
a sub-alpine grassy woodland in the Snowy Mountains region of NSW (36°05’36” S, 
148°31’42” E; 1550 m a.s.l.). Photosynthetic measurements were made on clear, 
sunny days in March 2013 (midday visible PFD = 1700 µmol photon m-2 s-1; midday 
UVA PFD = 50 µmol photon m-2 s-1; measured with an Ocean Optics USB2000+ 
spectroradiometer). Samples for fluorescence, reflectance, microscopy and chemical 
analyses were collected upon completion of photosynthetic measurements. The 
youngest fully expanded leaves (all formed under treatment conditions) were used for 
all analyses. 
To control the spectral quality reaching the chosen plant species, I deployed two 
filters of contrasting spectral transmissivities (Figure 2.1); one that transmits visible 
light but excludes UV (UV exclusion; #3114; Rosco Australia PTY Ltd., Artarmon, 
NSW, Australia) and a control filter that transmits visible light and UV (Control; 
B6191-50; Churchill & Coombes Pty Ltd., Lidcombe, NSW, Australia). A single 1 m2 
filter pane was mounted on a frame ~20 cm above the plants and set at a slight angle 
(11.5°) to face the sun more directly. This design allowed some external light to reach 
the plants but minimised the effect on other microclimatic variables (such as 
precipititation and air temperature). Fifteen control and fifteen UV-exclusion filters 
were positioned along a 800 m transect in locations where the study species grew 
within a 1 m2 quadrat. The filters were in place for 5 months from October 2012 until 
March 2013. 
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Figure 2.1 Spectral light environment of each treatment in relation to natural 
insolation; black solid line – sunlight, grey solid line – control, grey dotted line – UV 
exclusion. The total values shown represent the sum of total PFDs of the UV 
waveband (λ 280 – 400 nm) and the VIS waveband (λ 400 – 700 nm) in µmol m-2 s-1. 
Measured using an Ocean Optics 2000+ spectoradiometer on a clear day in 
December 2012. 
2.3.2 Photosynthesis 
An infrared gas analyser (IRGA) (LI-6400; Li-Cor Inc., Lincoln NE.) was used to 
measure photosynthetic rates in situ under fully saturating light conditions (PFD > 
500 µmol photon m-2 s-1, as determined by a light response curve, data not shown). 
Chamber temperature and moisture matched ambient, whilst reference CO2 
concentration was 400 ppm and flow rate retained at 350 µmol s-1. The IRGA was 
fitted with a clear-topped 2 x 3 cm leaf chamber and glass filters to control the 
spectral quality. To quantify the contribution of UVA to photosynthesis, 
photosynthetic rates were measured when the leaf was in receipt of wavelengths 
exceeding 320 nm (PAR + UVA) (N-WG320; Schott Australia Pty. Ltd. French’s 
Forest, NSW, Australia) and at wavelengths greater than 395 nm (PAR – UVA) 
(GC395; Schott Australia Pty. Ltd., French’s Forest NSW, Australia). Leaves were 
allowed to stabilize in the chamber for 3 min prior to measurement. Light saturated 
rates of photosynthesis (Asat) and stomatal conductance (Gs) were logged for 4 min at 
30 s intervals.  
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2.3.3 Glutathione and its redox status 
Thiols and their redox status of leaves was determined using high performance liquid 
chromatography (HPLC) as per Hu et al. (2013). Thiols were extracted from 30 mg 
homogenized frozen leaf tissue in pre-cooled 750 µl 0.1 M HCl with 50 mg PVPP. 
Tubes were vortexed and centrifuged for 30 min (14000 g, 4°C).  
For analyses of reduced plus oxidized thiols, 120 µl aliquots of supernatant were 
added to 180 µl of 2-(N-cyclohexylamino)-ethanesulphonic acid (CHES) buffer (pH 
9.3) and 30 µl 15 mM dithiothreitol (DTT). For oxidized thiols, 20 µl 20 mM N-
ethylamide (NEM) was added to tube for 15 min prior to reduction with DTT, to block 
reduced thiols (Hu et al., 2013). Tubes were incubated for 1 h at room temperature 
before reduction was terminated with 20 µl 30 mM monobromobimane (mBBr). 
Samples were incubated in the dark at room temperature for 15 min to derivatize 
thiols. 250 µl 10% acetic acid was added to stop the derivatization process and 
stabilize thiol derivatives. 
Thiol derivatives were separated by reversed phase chromatography (Beckman Gold 
System; Beckman, Krefeld, Germany) using a C18-AQ column (Prontosil 120-5-C18, 
5µm particle size, 25 cm x 4.6 mm id; Bischoff Chromatography, Leonberg, 
Germany) and quantified using a fluorescence analyser (Shimadzu RF-551-
Spectrofluorometric detector; Shimadzu Europe GmbH, Duisberg, Germany) as 
described by Schupp and Rennenberg (1988). Peaks were identified and quantified 
using a standard solution (0.2 mM cysteine, 0.1 mM γ-glutamyl-cysteine and 1 mM 
glutathione in 0.01 M HCl) and concentrations normalized per unit fresh mass.  
2.3.4 Ascorbate and its redox status 
Ascorbate contents were analysed using the method of Haberer et al. (2007). 20 mg 
of homogenized frozen leaf material was added to 500 µl 5% m-H3PO4, vortexed and 
centrifuged for 30 mins (12000 g, 4°C). 100 µl supernatant was transferred to a new 
tube and neutralized with 20 µl 1.5 M triethanolamine (TEA) and 100 µl 150 mM Na-
phosphate buffer. Reduced ascorbate was measured directly; total ascorbate was 
measured after complete reduction by DTT (50 µl, 10 mM, 15 min at room 
temperature). Excess DTT was removed with NEM (50 µl, 0.5%). Samples for 
reduced and total ascorbate analysis were then treated in the same way. 200 µl 10% 
trichlor acetic acid (TCA), 200 µl 44% ortho-H3PO4 and 200 µl 4% 2,1-dipyridil were 
added to tubes successively. Finally 100 µl 3% FeCl3 was added and samples 
incubated in a water bath at 37°C for 60 min. 800 µl of the final solution was 
transferred to a cuvette for analysis at λ 525 nm in a spectrophotometer (Beckman 
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DU650, Beckman, Krefeld, Germany) as per Okamura (1980). Ascorbate 
concentrations were quantified using a standard solution (1.5 mg/ml ascorbate in 
0.5% m-H3PO4) and normalized per unit fresh weight. 
2.3.5 Fluorescence and reflectance spectroscopy 
Fluorescence profiles of fresh leaves were captured with a Cary Eclipse fluorescence 
spectrophotometer (Agilent Technologies, Mulgrave, VIC, Australia) and a Cary 
Eclipse fiber optics accessory using a scan rate of 120 nm min-1. Fluorescence 
emission spectra were collected from samples using excitation λ 380 nm (emission λ 
scan = 400 nm – 700 nm). To determine chlorophyll a fluorescence, excitation 
spectra were collected for samples at emission λ 685 nm (excitation λ scan = 340 nm 
– 475 nm) and λ 730 nm (excitation λ scan = 370 nm – 475 nm). Data points 
between λ 380 – 405 nm were modeled using a sigmoidal curve fitted to the 
remaining 30 points at an interval of 1 nm between 370 nm and 425 nm (Prism 6; 
Graphpad Software, La Jolla, CA, USA). All fitted curves had an R-squared value 
greater than 0.99. 
2.3.6 Leaf anatomy 
Slides for microscopy analysis were prepared as per Turnbull et al. (2013). Fresh leaf 
sections (1 cm x 2 mm) were fixed with 2.5% gluteraldehyde solution in 0.1 M 
phosphate buffer saline (PBS). These were refrigerated at 4°C for four days to allow 
full penetration of the fixative. Leaf samples were then dehydrated in a graded series 
of ethanol, cleared with xylene and infiltrated with paraffin using an automated 
processor (TissueTek VIP, Sakura, Tokyo, Japan). The samples were then 
embedded in blocks of paraffin and cut into 4 µm sections using a microtome (Leica 
RM2165; Leica Microsystems GmbH, Wetzlar, Germany). The leaf sections were 
picked up on glass slides and dried at 56°C. Xylene was used to deparaffinise the 
slides, which were then rehydrated through a graded series of ethanol. Slides were 
bathed in 0.1% Toluidine Blue stain, rinsed with distilled water, dehydrated, cleared 
and mounted with Ultramount (Fronine, Sydney, NSW, Australia).  
Slides were imaged using a light microscope (Olympus BX51; Olympus Imaging 
Australia, North Ryde, NSW, Australia) connected to a digital camera (Olympus 
DP70; Olympus Imaging Australia, North Ryde, NSW, Australia). Images were 
captured at 100x and 400x magnifications and were analysed using Photoshop 
software (Adobe Systems Inc., San Jose, CA, USA). Measurements were made of 
abaxial and adaxial cuticle depth, abaxial and adaxial epidermal depth, and total leaf 
thickness. 
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2.3.7 Statistical analyses 
Data were tested for normality and identification of outliers (SPSS Statistics Ver. 21; 
IBM Australia Ltd., St Leonards, NSW, Australia), and then two-way analyses of 
variance (ANOVA) were used to determine growth treatment effects and differences 
between species (Prism 6; Graphpad Software, La Jolla, CA, USA).  A paired t-test 
was used to determine the contribution of UV-A to photosynthesis (Prism 6). 
 
2.4 Results 
2.4.1 Fluorescence 
Fluorescence emission spectra of fresh leaves varied significantly among species (P 
< 0.001, F = 28.9) (Figure 2.2), indicating different foliar chemistry. The spectra of E. 
pauciflora and G. antrorsum had sharp peaks at λ 423 nm, λ 445 nm, λ 460 nm, λ 
486 nm and λ 519 nm. The spectrum of P. hiemata differed from the other two 
species, with a broad peak between λ 410 nm to λ 480 nm and sharp peaks at λ 486 
nm and λ 519 nm. Total fluorescence emission, calculated as the area under the 
emission spectra, of E.pauciflora leaves was 70% greater than G. antrosum and 34% 
greater then P. hiemata (P < 0.001) (Table 2.1). Total fluorescence was slightly 
greater in plants grown under full sunlight although this was not statistically 
significant (P > 0.05). 
As hypothesized, plants growing without UV, had reduced epidermal capacity for UV 
screening (P < 0.05, F = 6.81) (Table 2.1), as estimated from the ratio of 
fluorescence emission at λ 440 (epidermal hydroxycinnamic acids) to emission at λ 
685 nm (chlorophyll in the mesophyll) (Lenk & Buschmann, 2006). This reduction 
was most clear in P. hiemata (22% reduction in epidermal screening when UV was 
removed from the spectral environment, P < 0.01). P. hiemata also had inherently 
greater capacity for epidermal screening than E.pauciflora and G. antrorsum (P < 
0.001, F = 35.37).  
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The presence of UV did not affect chlorophyll content of leaves (P > 0.05), estimated 
from the fluorescence emission at λ 685 to emission at λ 720 nm (Lenk & 
Buschmann, 2006) (Table 2.1), although chlorophyll content did vary among species. 
E. pauciflora leaves had, on average, 22% greater concentrations of chlorophyll than 
G. antrorsum and 58% greater concentrations than P. hiemata (P < 0.001, F = 
26.99). 
Chlorophyll a fluorescence measurements (using the emission peak λ 685 nm (Table 
2.2) and 730 nm (Table 2.3)) were used to determine whether UVA could penetrate 
the epidermis. UVA reached the mesophyll in all three species. However 
wavelengths transmitted through epidermises varied between species (P < 0.001). 
Chl a excitation was observed in P. hiemata and G. antrorsum at λ > 378 nm and λ > 
386 nm respectively, whilst in E. pauciflora it was only observed at λ > 395 nm. 
Growth under solar UV had no effect on Chl a excitation within the UVA waveband (P 
> 0.05). However at excitation λ > 420 nm, emission at λ 730 nm was greater in 
plants grown under UV exclusion (P < 0.05) (Table 2.3).  
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Figure 2.2 Mean fluorescence emission spectra for E. pauciflora, G. antrorsum and 
P. hiemata. Excitation wavelength was 380 nm. Black lines represent the full sunlight 
treatment; grey lines the UV exclusion treatment. Values represent means ± SEM 
(dashed lines) for n = 9. 
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Table 2.2 Spectral profiles of Chl a fluorescence for fresh leaves of E. pauciflora, G. 
antrorsum and P. hiemata grown under full sunlight and UV exclusion. Values 
represent excitation of the Chl a emission peak at λ 685 nm. Due to a spurious peak 
between λ 381 – 404 nm values are estimates calculated from sigmoidal curves that 
were fitted to the remaining data points. Data shown are means ± SEM for n = 9. 
Asterisks indicate significantly different means using a two-way ANOVA (* P < 0.05, 
** P < 0.01, *** P < 0.001). Different lowercase letters represent significantly different 
means between species by Fisher’s LSD multiple comparison test (α = 0.05).  Dots 
^	EJ@E?=PAOECJEBE?=JPHU@EBBANAJPIA=JO>APSAAJHECDPPNA=PIAJPOSEPDEJOLA?EAO>U
Fisher’s LSD multiple comparisons test (α = 0.05). 
  
374 0.000 ± 0.002 0.000 ± 0.001 a 0.005 ± 0.001 0.004 ± 0.001 b 0.008 ± 0.001 0.008 ± 0.001 c ***
376 0.000 ± 0.002 0.000 ± 0.001 a 0.006 ± 0.001 0.006 ± 0.001 b 0.013 ± 0.002 0.013 ± 0.001 c ***
378 0.000 ± 0.002 0.000 ± 0.001 a 0.008 ± 0.001 0.009 ± 0.001 b 0.019 ± 0.003 0.019 ± 0.002 c ***
380 0.000 ± 0.003 0.000 ± 0.001 a 0.011 ± 0.002 0.012 ± 0.001 b 0.026 ± 0.004 0.025 ± 0.002 c ***
382 0.000 ± 0.003 0.000 ± 0.002 a 0.014 ± 0.002 0.016 ± 0.002 b 0.034 ± 0.006 0.033 ± 0.003 c ***
384 0.000 ± 0.003 0.000 ± 0.002 a 0.018 ± 0.003 0.021 ± 0.002 b 0.043 ± 0.007 0.042 ± 0.004 c ***
386 0.000 ± 0.004 0.002 ± 0.002 a 0.022 ± 0.003 0.026 ± 0.003 b 0.053 ± 0.008 0.053 ± 0.005 c ***
388 0.000 ± 0.004 0.004 ± 0.002 a 0.028 ± 0.004 0.033 ± 0.004 b 0.064 ± 0.010 0.065 ± 0.006 c ***
390 0.000 ± 0.005 0.007 ± 0.003 a 0.034 ± 0.005 0.041 ± 0.004 b 0.078 ± 0.011 0.079 ± 0.007 c ***
392 0.003 ± 0.006 0.011 ± 0.004 a 0.042 ± 0.005 0.049 ± 0.005 b 0.093 ± 0.013 0.095 ± 0.008 c ***
394 0.007 ± 0.007 0.016 ± 0.005 a 0.051 ± 0.006 0.060 ± 0.006 b 0.109 ± 0.015 0.112 ± 0.009 c ***
396 0.011 ± 0.009 0.023 ± 0.006 a 0.062 ± 0.007 0.073 ± 0.007 b 0.129 ± 0.016 0.133 ± 0.010 c ***
398 0.018 ± 0.010 0.032 ± 0.007 a 0.075 ± 0.008 0.087 ± 0.008 b 0.150 ± 0.018 0.156 ± 0.011 c ***
400 0.026 ± 0.013 0.043 ± 0.009 a 0.091 ± 0.009 0.104 ± 0.009 b 0.174 ± 0.019 0.181 ± 0.012 c ***
402 0.036 ± 0.015 0.057 ± 0.011 a 0.109 ± 0.010 0.124 ± 0.010 b 0.200 ± 0.020 0.209 ± 0.014 c ***
404 0.049 ± 0.018 0.075 ± 0.013 a 0.131 ± 0.011 0.147 ± 0.011 b 0.230 ± 0.021 0.240 ± 0.014 c ***
406 0.066 ± 0.021 0.098 ± 0.015 a 0.156 ± 0.012 0.174 ± 0.012 b 0.263 ± 0.022 0.275 ± 0.015 c ***
408 0.087 ± 0.024 0.125 ± 0.018 a 0.186 ± 0.012 0.205 ± 0.013 b 0.299 ± 0.023 0.312 ± 0.016 c ***
410 0.113 ± 0.028 0.158 ± 0.021 a 0.220 ± 0.013 0.240 ± 0.014 b 0.339 ± 0.023 0.352 ± 0.016 c ***
412 0.144 ± 0.031 0.196 ± 0.023 a 0.259 ± 0.014 0.279 ± 0.015 b 0.380 ± 0.022 0.394 ± 0.016 c ***
414 0.182 ± 0.034 0.239 ± 0.024 a 0.302 ± 0.014 0.323 ± 0.016 b 0.424 ± 0.022 0.438 ± 0.016 c ***
416 0.226 ± 0.036 0.287 ± 0.025 a 0.352 ± 0.014 0.373 ± 0.017 b 0.472 ± 0.021 0.484 ± 0.015 c ***
418 0.275 ± 0.037 0.337 ± 0.025 a 0.405 ± 0.014 0.425 ± 0.017 b 0.520 ± 0.021 0.531 ± 0.014 c ***
420 0.327 ± 0.037 0.388 ± 0.024 a 0.462 ± 0.013 0.482 ± 0.018 b 0.568 ± 0.020 0.578 ± 0.013 c ***
422 0.381 ± 0.037 0.439 ± 0.023 a 0.524 ± 0.013 0.544 ± 0.018 b 0.619 ± 0.019 0.627 ± 0.012 c ***
424 0.432 ± 0.037 0.485 ± 0.021 a 0.588 ± 0.012 0.607 ± 0.018 b 0.667 ± 0.019 0.674 ± 0.013 c ***
P-value   
(UV)
P-value 
(Int)UV exclusion
P-value 
(Species)
Excitation 
λ (nm)
Normalized Chl a fluorescence (λ685 nm)
E. pauciflora G. antrorsum P. hiemata
Full sunlight UV exclusion Full sunlight UV exclusion Full sunlight
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Table 2.3 Spectral profiles of Chl a fluorescence for fresh leaves of E. pauciflora, G. 
antrorsum and P. hiemata grown under full sunlight and UV exclusion. Values 
represent excitation of the Chl a emission peak at λ 730 nm. Due to a spurious peak 
between λ 379 – 398 nm values are estimates calculated from sigmoidal curves that 
were fitted to the remaining data points. Data shown are means ± SEM for n = 9. 
Asterisks indicate significantly different means using a two-way ANOVA (* P < 0.05, 
** P < 0.01, *** P < 0.001). Different lowercase letters represent significantly different 
means between species by Fisher’s LSD multiple comparison test (α = 0.05).  Dots 
^	EJ@E?=PAOECJEBE?=JPHU@EBBANAJPIA=JO>APSAAJHECDPPNA=PIAJPOSEPDEJOLA?EAO>U
Fisher’s LSD multiple comparisons test (α = 0.05). 
  
376 0.000 ± 0.004 0.000 ± 0.003 a 0.000 ± 0.002 0.000 ± 0.001 a 0.002 ± 0.001 0.000 ± 0.001 a
378 0.000 ± 0.004 0.000 ± 0.003 a 0.000 ± 0.002 0.001 ± 0.001 a 0.007 ± 0.001 0.005 ± 0.001 b *
380 0.000 ± 0.004 0.000 ± 0.003 a 0.000 ± 0.002 0.003 ± 0.002 a 0.012 ± 0.002 0.011 ± 0.002 b ***
382 0.000 ± 0.004 0.000 ± 0.003 a 0.001 ± 0.002 0.005 ± 0.002 a 0.019 ± 0.003 0.018 ± 0.002 b ***
384 0.000 ± 0.004 0.000 ± 0.003 a 0.003 ± 0.002 0.009 ± 0.003 a 0.026 ± 0.004 0.027 ± 0.004 b ***
386 0.000 ± 0.004 0.000 ± 0.002 a 0.005 ± 0.003 0.013 ± 0.004 b 0.036 ± 0.006 0.037 ± 0.005 c ***
388 0.000 ± 0.003 0.000 ± 0.002 a 0.008 ± 0.003 0.018 ± 0.005 b 0.047 ± 0.007 0.048 ± 0.006 c ***
390 0.000 ± 0.003 0.000 ± 0.002 a 0.012 ± 0.003 0.024 ± 0.006 b 0.060 ± 0.009 0.062 ± 0.007 c ***
392 0.000 ± 0.003 0.000 ± 0.002 a 0.017 ± 0.004 0.032 ± 0.007 b 0.076 ± 0.010 0.078 ± 0.008 c ***
394 0.001 ± 0.002 0.000 ± 0.002 a 0.024 ± 0.004 0.042 ± 0.009 b 0.094 ± 0.012 0.096 ± 0.010 c ***
396 0.004 ± 0.002 0.000 ± 0.001 a 0.033 ± 0.005 0.054 ± 0.011 b 0.115 ± 0.014 0.118 ± 0.011 c ***
398 0.007 ± 0.001 0.005 ± 0.001 a 0.045 ± 0.006 0.069 ± 0.012 b 0.140 ± 0.016 0.143 ± 0.012 c ***
400 0.011 ± 0.002 0.011 ± 0.001 a 0.059 ± 0.007 0.087 ± 0.014 b 0.167 ± 0.018 0.170 ± 0.014 c ***
402 0.018 ± 0.004 0.020 ± 0.003 a 0.079 ± 0.008 0.109 ± 0.016 b 0.199 ± 0.020 0.202 ± 0.015 c ***
404 0.026 ± 0.007 0.033 ± 0.005 a 0.103 ± 0.009 0.135 ± 0.018 b 0.234 ± 0.021 0.238 ± 0.016 c ***
406 0.038 ± 0.010 0.051 ± 0.007 a 0.132 ± 0.010 0.166 ± 0.020 b 0.271 ± 0.023 0.276 ± 0.016 c ***
408 0.054 ± 0.014 0.074 ± 0.010 a 0.167 ± 0.011 0.200 ± 0.021 b 0.311 ± 0.024 0.317 ± 0.017 c ***
410 0.074 ± 0.018 0.103 ± 0.014 a 0.206 ± 0.012 0.238 ± 0.022 b 0.352 ± 0.024 0.360 ± 0.017 c ***
412 0.100 ± 0.023 0.140 ± 0.017 a 0.251 ± 0.012 0.281 ± 0.022 b 0.395 ± 0.024 0.406 ± 0.017 c ***
414 0.131 ± 0.027 0.183 ± 0.020 a 0.300 ± 0.012 0.326 ± 0.022 b 0.439 ± 0.024 0.453 ± 0.017 c ***
416 0.168 ± 0.031 0.229 ± 0.022 a 0.349 ± 0.011 0.373 ± 0.021 b 0.482 ± 0.023 0.500 ± 0.017 c ***
418 0.207 ± 0.033 0.274 ± 0.023 a , 0.397 ± 0.010 0.418 ± 0.021 b 0.523 ± 0.022 0.545 ± 0.016 c *** *
420 0.248 ± 0.034 0.319 ± 0.023 a , 0.443 ± 0.009 0.462 ± 0.020 b 0.564 ± 0.021 0.590 ± 0.015 c *** *
422 0.285 ± 0.035 0.357 ± 0.022 a , 0.484 ± 0.008 0.502 ± 0.019 b 0.602 ± 0.021 0.632 ± 0.014 c *** *
424 0.315 ± 0.035 0.389 ± 0.022 a , 0.519 ± 0.007 0.538 ± 0.019 b 0.637 ± 0.022 0.671 ± 0.013 c *** *
P-value   
(UV)
P-value 
(Int)UV exclusion
P-value 
(Species)
Excitation 
λ (nm)
Normalized Chl a fluorescence (λ730 nm)
G. antrorsum P. hiemata
Full sunlight UV exclusion Full sunlight UV exclusion Full sunlight
E. pauciflora
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2.4.2 Leaf anatomy 
A waxy cuticle present on both the adaxial and abaxial leaf surfaces of E. pauciflora 
was absent from the other two species (Figure 2.3). Leaves of E. pauciflora were 
more than twice as thick (463 µm) as those of the other two species (G. antrorsum 
227 µm, P. hiemata 208 µm; P < 0.001, F = 155.3). The epidermis of P. hiemata was 
significantly thinner than that of the other two species (P < 0.001, F = 88.0), 13.9 ± 
0.5 µm compared to 19.4 ± 0.6 µm in E. pauciflora and 21.6 ± 0.7 µm in G. 
antrorsum. Adaxial epidermises were between 7 (P. hiemata) - 15% (G. antrosum) 
thicker than abaxial epidermises for all three species (P < 0.001, F = 75.4), 
consistent with a high light environment. Trichomes were present on the adaxial and 
abaxial surfaces of G. antrorsum, but absent in the other two species. There were no 
discernable anatomical differences between control and UV-exclusion plants in any 
species (P > 0.05). 
2.4.3 Antioxidants and their redox status 
Foliar concentrations of ascorbate were, on average, 30% greater in plants exposed 
to UV (P < 0.05, F = 6.3) (Figure 2.4), albeit with an unchanged redox state (P > 
0.05). Concentrations of ascorbate differed between all three species (P < 0.001, F = 
69.91). Greatest concentrations were found in E. pauciflora (40.78 ± 3.8 µmol g-1 
FW) and the least in P. hiemata (6.51 ± 1.65 µmol g-1 FW). The ascorbate redox 
state of P. hiemata leaves was significantly greater than the other two species (P < 
0.05, F = 31.49). 
Leaf concentrations of glutathione (GSH), glutathione disulphide (GSSG) (Figure 2.4) 
and the glutathione precursors cysteine (Cys) and γ-glutamylcysteine (γ-EC) (Table 
2.4) were unaffected by solar UV (P > 0.05) but varied between species (GSH, P < 
0.05, F = 30.2; GSSG, P < 0.05, F = 126.0; Cys, P < 0.05, F = 55.2; γ-EC, P < 0.05, 
F = 19.0), with greater levels of these compounds found in G. antrorsum. Glutathione 
redox state was also unaffected by solar UV (P < 0.05), but was much lower in E. 
pauciflora than the other two species (P < 0.05, F = 118.4). 
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Figure 2.3 Microscopy images of E. pauciflora (top), G. antrorsum (middle) and P. 
hiemata (bottom) leaves at 100x magnification. 
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Figure 2.4 Total ascorbate concentration, ascorbate redox state (oxidized/total 
ascorbate), total glutathione concentration and glutathione redox state (oxidized/total 
glutathione). Black bars represent the full sunlight treatment; grey bars the UV 
exclusion treatment. Values are means ± SEM (n = 15). Asterisks indicate 
significantly different means (* P < 0.05, ** P < 0.01, *** P < 0.001) between light 
treatments, within species; upper case letters denote significantly different means 
between species identified by Fisher’s LSD test (P < 0.05).  
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2.4.4 Gas exchange 
Plants grown under UV exclusion exhibited faster rates of light saturated 
photosynthesis than those grown under full sunlight (P < 0.05, F = 4.488) (Figure 
2.5). Photosynthetic rates of G. antrorsum plants grown under UV exclusion were 
19.7% faster than those grown in full sunlight (P < 0.05, F = 4.5), corresponding with 
faster rates of stomatal conductance (P < 0.05, F = 5.0) (Figure 2.5). E. pauciflora 
and P. hiemata showed similar trends. Net photosynthetic rates of P. hiemata were 
~60% slower than the other two species (P < 0.001, F = 99.17). Although it appeared 
that inclusion of UVA wavelengths increased photosynthetic rates slightly (Figure 
2.6), it was not statistically significant in any species (P > 0.05).  
 
Figure 2.5 Light saturated photosynthetic rates (Asat) and light saturated stomatal 
conductance (gs) of E. pauciflora, G. antrorsum and P. hiemata under UVA+VIS 
wavelengths (λ > 320 nm). Black bars represent the full sunlight treatment; grey bars 
represent the UV exclusion treatment. Values are means ± SEM (n = 15). Asterisks 
indicate significantly different means (* P < 0.05, ** P < 0.01, *** P < 0.001) between 
light treatments, within species; upper case letters denote significantly different 
means between species identified by Fisher’s LSD test (P < 0.05). 
E. p
auc
iflo
ra
G. a
ntro
rsu
m
P. h
iem
ata
0
8
16
24
32
A
sa
t (
µm
ol
 m
-2
 s
-1
)
A A
C
*
Spp. ***
UV *
Int. NS.
E. p
auc
iflo
ra
G. a
ntro
rsu
m
P. h
iem
ata
0.0
0.2
0.4
0.6
0.8
g s
 (m
ol
 m
-2
 s
-1
)
A
B
*
A
*
Spp. ***
UV *
Int. NS.
 38 
 
Figure 2.6 Effect of inclusion of UVA wavelengths on the light saturated 
photosynthetic rate (Asat) for E. pauciflora, G. antrorsum and P. hiemata. Black bars 
represent the full sunlight treatment; grey bars represent the UV exclusion treatment. 
Values are means ± SEM (n = 15). Asterisks indicate significantly different means (* 
P < 0.05, ** P < 0.01, *** P < 0.001) between light treatments, within species; upper 
case letters denote significantly different means between species identified by 
Fisher’s LSD test (P < 0.05). 
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2.5 Discussion 
Plants protect photosynthetic apparatus from UV light by employing a combination of 
structural and chemical adaptations. Evaluating impacts of UV wavelengths on 
photosynthesis and carbon gain is complex for terrestrial ecosystems. Nonetheless, 
there are records of UV proving beneficial to photosynthetic physiology (McCree, 
1972; Inada, 1976; Mantha et al., 2001; Johnson & Day, 2002; Turnbull et al., 2013). 
Recent findings that ambient solar UVB can up-regulate photosynthetic performance 
(Wargent et al., 2015) and promote photoprotection (Wargent et al., 2011) challenge 
the convention that the costs of exposing plants to solar UV outweigh the benefits 
with respect to carbon gain (Jansen et al., 1998; Jordan, 2002). The study, located in 
Australia’s sub-alpine region – an area known for high incident UV – shows that three 
native plant species, of contrasting life-forms, exhibit consistent photochemical, and 
photosynthetic responses to the removal of solar UV. For these plants, adapting to 
inherently high solar UV incurs a carbon cost.  
2.5.1 Chemical photoprotection  
There is good evidence that UV promotes accumulation of photoprotective chemicals 
within plant leaves (Solovchenko & Merzlyak, 2008). In the epidermis, chemical 
compounds such as flavonols and hydroxycinnamic acids act as sunscreens to 
prevent UV from reaching the mesophyll, where it may damage the photosynthetic 
apparatus (Wargent et al., 2015). These compounds dissipate high-energy UV either 
as heat (Demmig-Adams & Adams, 2006) or by refluorescing lower energy, visible 
photons (Johnson et al., 2000). This response was clear in all three study species, 
with increased ratios of blue/red fluorescence emission - an analogue for UV 
screening capacity (Lenk & Buschmann, 2006) - found in plants exposed to solar UV. 
Whilst promotion of epidermal photoprotection is principally a response to UV, 
photoprotective compounds also protect the mesophyll from high levels of visible 
light, to which these plants are regularly exposed (Wargent et al., 2015). 
In the mesophyll, accumulation of antioxidants prevents photooxidative damage from 
UV penetrating the epidermis (Gao & Zhang, 2008; Kataria et al., 2012). The 
antioxidants ascorbate and glutathione scavenge reactive oxygen species (ROS), 
detoxifying them before they can cause damage (Foyer et al., 1994). The results 
showed increased concentrations of ascorbate in leaves exposed to solar UV, 
although glutathione was unaffected. Ascorbate is responsive to fluctuations in light 
(Grace & Logan, 1996) and may even fluctuate diurnally, with substantial drops in 
leaf ascorbate content overnight (Peltzer & Polle, 2001). Glutathione on the other 
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hand, is more sensitive to oxidative stress (Noctor et al., 2012). My results suggest 
that the accumulation of ascorbate is also a response to UV, preventing further 
oxidative stress and negating the need for enhanced glutathione production. 
Exposure of plants to solar UV should theoretically increase susceptibility to 
photodamage, due to increased ROS generation (Barta et al., 2004) and direct 
damage to cellular organelles (Ivanova et al., 2008). There was no change in the 
oxidative state of leaves in the three study species when exposed to solar UV, 
suggesting that epidermal screening and antioxidant systems promoted in response 
to UV effectively prevent potential oxidative stress. 
2.5.2 Structural photoprotection  
Leaf anatomy was unaffected by the presence of UV in the three species studied. 
Leaf epicuticular waxes and trichomes at the leaf surface can provide protection 
against light stress (Krauss et al., 1997; Liakopoulos et al., 2006). Contrary to 
previous work (Grammatikopoulos et al., 1998), cuticle thickness of the study species 
was unaffected by solar UV. Trichome presence was also not affected by UV, but 
were present in G. antrorsum. These anatomical features are most likely long-term 
adaptations to a high light environment rather than an acclimation response to UV. If 
plants had been exposed to more long-term UV-exclusion conditions, anatomical 
differences may have been more apparent. Smaller, thicker leaves with sharper leaf 
angles are often reported as structural adaptations to reduce UV radiative load 
(Pearcy et al., 2005) and these would also be expected under more long-term 
treatment conditions. 
Photoprotective anatomical properties varied among the three study species, with the 
woody sclerophyll E. pauciflora displaying significant photoprotective structures. 
Previous work has suggested that evolution of woody perennial species, such as E. 
pauciflora, under high light conditions (Jordan et al., 2005), has led to leaf characters 
that provide resilience to photodamage. 
2.5.3 Rates of photosynthesis  
While recent literature suggests that exposure to solar UV upregulates 
photosynthetic capacity in agricultural crops (Davey et al., 2012; Wargent et al., 
2015), the results from this study argue plants well adapted to high UV loads may not 
show the same response. Contrary to my hypotheses, photosynthesis slowed in 
plants exposed to solar UV, with corresponding drops in stomatal conductance. 
Stomatal closure is a common response to UVB radiation (Nogues et al., 1999), and 
a possible cause of slowing carbon assimilation. UV radiation can also cause direct 
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damage to the photosynthetic machinery, particularly to PSII reaction centres 
(Ivanova et al., 2008), as has been reported for ambient UV in other high light 
ecosystems (arctic heath, Albert et al., 2010; alpine meadow, Shi et al., 2011). 
Further work is required to determine whether diffusional or biochemical limitations 
are responsible for reduced rates of photosynthesis under solar UV in these sub-
alpine ecosystems. 
Our results and previous work (Turnbull et al., 2013) show UV has species-specific 
effects on photosynthesis in native sub-alpine Australian ecosystems. Other 
environmental constraints, such as drought, nutrient limitations and extremes of 
temperature (Wahren et al., 1999) undoubtedly contribute to that variability. Under 
more temperate conditions, advantages of solar UV to the physiology of crop species 
seem more clear (Wargent et al., 2011; Wargent et al., 2015).  
2.5.4 UV as an energy source  
UVA contributes to photosynthesis both directly and indirectly (Mantha et al., 2001; 
Johnson & Day, 2002; Turnbull et al., 2013). Chlorophyll a was excited by UVA 
wavelengths in all three studied species, suggesting that, in theory, UVA could 
directly contribute to photosynthesis. In practice however, supplementation of visible 
light with UVA did not increase photosynthetic rate under fully saturating light 
conditions. Work with red algae has highlighted that the contribution of UVA to 
photosynthesis is more important at the beginning and end of the day, when visible 
light is limited (Gao & Xu, 2008). In higher plants the contribution of UVA under light 
limiting conditions is less clear, although diurnal fluctuations in UV screening 
compounds have been identified (Barnes et al., 2008). These fluctuations offer 
increased protection during the middle of the day and allow additional UV to 
penetrate to the mesophyll in the early morning and late afternoon. At these times the 
contribution of UVA to photosynthesis could be more substantial. 
Although the accumulation of autofluorescing compounds in the epidermis is 
predominantly a photoprotective response, it may also provide secondary benefits to 
photosynthesis. Photosynthetic pigments in mesophyll cells can reabsorb the 
fluoresced photons from these screening compounds, contributing to photosynthesis 
(Johnson & Day, 2002). In light-limited systems this can contribute to net CO2 
assimilation. Under fully saturating light conditions, it may act as another way to 
reduce radiative energy, from both UV and excess visible light, transferred to 
photosynthetic reaction centres, preventing photoinhibition (Lang et al., 1992). These 
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results suggest this to be the case with reduced chlorophyll a excitation with visible 
wavelengths in plants grown exposed to solar UV. 
2.6 Conclusions 
Contrary to recent literature for agricultural crops, this study shows that for native 
plants adapted to high incident UV, removal of UV from the growth environment 
allows a slight (3 - 20%) gain in carbon captured by photosynthesis. The results also 
clearly show that whilst these plants adopt divergent strategies to tolerate general 
light stress (e.g. E. pauciflora intercepts and dissipates excess light energy in the 
epidermis; G. antrorsum depends on ROS scavengers alleviating oxidative stress, 
and P. hiemata exhibits low photosynthetic capacity, thereby reducing the 
requirement for photoprotection), they all respond to UV via modifications of 
epidermal UV screening and foliar antioxidant capacities. UV-promoted 
photoprotective measures are particularly important to sub-alpine and alpine 
ecosystems as they contribute to general constitutive protection mechanisms, that 
are necessary to cope with extremes of temperature, light, water and nutrient 
availability. Further work is now needed to assess the extent to which UV provides 
resilience against other forms of environmental stress, particularly those that impose 
oxidative pressure on the photosynthetic apparatus. 
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3 Photosynthetic rates of sub-alpine Australian plants follow 
soil phosphorus availability despite phospholipid 
substitution 
 
3.1 Summary 
Replacement of phospholipids with P-free lipids in cellular membranes has been 
identified as a mechanism facilitating fast rates of photosynthesis when phosphorus 
availability is limited. I measured photosynthetic rates, leaf and soil P fractions and 
foliar membrane lipid compositions for five species common to two Australian sub-
alpine ecosystems of contrasting parent material and P availability. Results indicate a 
limited tolerance to reduced P and that adaptation strategies differ amongst plant life 
forms. Under low P conditions, photosynthesis was still impaired by slow rates of 
stomatal conductance despite phospholipids being replaced in foliage by 
galactolipids and sulfolipids. Altered membrane fluidity suggests plants under low P 
conditions are also subject to increased oxidative stress. This field study shows sub-
alpine Australian plants of a variety of life forms replace phospholipids with P-free 
lipids in foliar membranes in response to long-term limitation of P supply. This 
adaptation is insufficient to fully mitigate effects of P supply on photosynthesis. 
 
3.2 Introduction 
Nutrient deficiencies in soils are amongst the main factors limiting global productivity, 
with nitrogen and phosphorus being especially critical (Fisher et al., 2012). Northern 
hemisphere soils are typically deficient in nitrogen (Vitousek et al., 1991), whilst 
many southern hemisphere soils have poor availability of phosphorus, due to 
prolonged weathering, long-term tectonic stability and lack of glaciation events 
(McKenzie et al., 2004). Subalpine ecosystems are of particular interest owing to 
their characteristic strongly acidic soils (Dakora & Phillips, 2002). They are also 
regularly exposed to a number of other adverse environmental conditions, including 
drought, light stress and extremes of temperature (e.g. Wahren et al., 1999) that can 
further limit soil nutrient availability.   
Meeting plant nutrient requirements is a key evolutionary driver of plant anatomy and 
associations between plants and other organisms. Among the earliest adaptations to 
enhance nutrient acquisition was the formation of symbiotic relationships between 
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plants and fungi (Brundrett, 2002). Mycorrhizal associations, present in ~80% of land 
plants, are estimated to provide up to 80% of plant phosphorus and nitrogen (van der 
Heijden et al., 2014). A more limited group of plants have evolved specialised roots, 
such as the cluster roots of the Proteacae and the dauciform roots of the Cyperaceae 
(Shane et al., 2006), that also serve to increase phosphorus availability.  
Nutrient availability must be assessed relative to plant demand, and thus plant use of 
nutrients (e.g. allocation to metabolism or storage). Nucleic acids may account for 
40-60% of organic P in some plant tissues, of which ~85% can be RNA (Veneklaas 
et al., 2012). RNA content can, in turn, vary with P supply (Reef et al., 2010). Other 
P-containing-metabolites also play major roles in metabolism.  For example, 
availability of free orthophosphate (Pi) within the cytosol (Raven, 2013) is critical to 
photosynthesis, whilst ATP is essential to cellular energy transfer – both of which are 
reduced when there is limited P available (Plaxton and Tran, 2011).  Conversely, P 
stored in vacuoles is rapidly remobilised under conditions of P limitation, to buffer 
fluctuations in cytosol Pi (Veneklaas et al., 2012).  
Phospholipids are key parts of membranes and amongst the most significant uses of 
P in plants, accounting for ~20% of foliar organic P (Veneklaas et al., 2012).  Under 
P limitation, phospholipids are extensively replaced by P-free lipids (Essigmann et 
al., 1998); again releasing P for use in the cytosol (Tjellstrom et al., 2008). 
Replacement of phospholipids with glycolipids under limiting P supply was first 
reported in prokaryotes (Minnikin et al., 1974), but is now a well documented process 
in many higher plant species (Arabidopsis: Härtel et al., 2000; Oat: Andersson et al., 
2003; soy bean: Gaude et al., 2004; Proteaceae: Lambers et al., 2012). All of plasma 
membranes, mitochondrial envelopes, the tonoplast, and chloroplast membranes 
(Andersson et al., 2005; Jouhet et al., 2004; Härtel et al., 2001) show this plasticity, 
suggesting it is a widely used strategy for coping with P-poor soils. While 
galactolipids are commonly involved in the replacement of phospholipids, they are 
not the only possible substitute. Phospholipids can also be replaced by sulfolipids 
(Benning, 1998; Lambers et al., 2012). Although Australian soils are also often S-
poor (Williams and Steinbergs, 1959), the problem is arguably not as acute as it is for 
P and so substitution of sulfolipid for phospholipid may still help ameliorate P 
limitation. 
The prevalence and severity of P deficiencies in Australian and other ecosystems 
with old soils suggests many native plants are effectively oligotrophs. Morcuende et 
al. (2007), for example, noted that P depletion causes repression of genes involved 
in the light reactions of photosynthesis, chlorophyll synthesis, the Calvin cycle and 
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photorespiration. Overall, the responses reflected programmed down-regulation of 
metabolism under P stress. Morcuende et al. (2007) also observed up-regulation of 
genes involved in synthesis of secondary metabolites, including the anthocyanins 
and phenylpropanoids characteristic of plant stress responses to high light. Some 
native Australian plants seemingly down-regulate photosynthetic capacity under P 
stress, with a side-benefit of committing resources to photoprotective measures. 
I aimed to characterise the extent to which five plant species, from two sub-alpine 
Australian ecosystems of contrasting parent material, have adapted to phosphorus 
availability by modifying lipid biosynthesis – specifically replacing phospholipids with 
non-phospholipids - and regulation of photosynthetic properties. Measurements of 
photosynthetic rate in situ were combined with laboratory analysis of soil properties, 
leaf P content and leaf membrane lipids to determine the effects of long term P 
limitation on five native species; the herbs Geranium antrorsum and Ranunculus 
graniticola, the grasses Poa costiniana and Poa hiemata, and the sub-shrub 
Veronica derwentiana. 
 
3.3 Materials and methods 
3.3.1 Site descriptions 
Our study sites were within broad areas known as the Snowy Mountains in New 
South Wales (Snowy Plains, SP; 36°05’36” S, 148°31’42” E), and the High Country in 
Victoria (Dargo High Plains, DHP; 36°07’53” S, 147°10’07” E). Climate was 
consistent between the sites (Table 3.1). The dominant vegetation types at both sites 
were sub-alpine eucalypt grassy woodlands. I studied five species found at both 
sites, and representing three plant life forms; two forbs Geranium antrorsum (Carolin) 
and Ranunculus graniticola (Melville); two grass species Poa costiniana (Vickery) 
and Poa hiemata (Vickery); and one sub-shrub Veronica derwentiana (Andrews). 
The two sites differed strongly in soil phosphorus availability due to sedimentary 
parent material at SP (low P site) and basaltic parent material at the DHP (high P 
site). Photosynthetic measurements were taken during March 2013; plant samples 
for membrane lipid analyses were taken in March 2014; and soil samples collected in 
April 2014. 
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Table 3.1 Climate data for the Snowy Plains (SP) and Dargo High Plains (DHP) 
study sites. Temperature and rainfall data were collected from eddy covariance flux 
towers at each site. Global radiation data was collected from nearby Bureau of 
Meteorology stations (SP = Cabramurra; DHP = Mount Hotham Airport; 
www.bom.gov.au). Data are means ± SEM for 2007–2012. 
 
3.3.2 Soil properties and plant phosphorus 
The top 20 cm of soil was sampled five times at each site using a soil core sampler 
(#403.27; AMS Inc., American Falls, ID., USA). Inorganic phosphate was measured 
photometrically per Murphy and Riley (1962). Soil was oven dried at 60°C then milled 
to a fine powder. 4 g powdered soil was added to 30 ml of water in a tube and 
shaken overnight at 4°C. The tubes were centrifuged and the supernatant removed. 
150 µl supernatant was added to each well of a 96 well plate, together with 17 µl 
staining reagent. The staining reagent was a mixture of 5 mM ammonium 
heptamolybdate, 0.2 mM potassium antimony (III) oxide tartrate hemihydrate and 30 
mM ascorbic acid in 1.25 M sulfuric acid. The plate was incubated at room 
temperature for 30 min, then absorbance at 700 nm measured and the concentration 
of phosphate (mg P kg-1 dry soil) in samples was calculated from a potassium 
phosphate standard curve.  
Organic P was analysed using a method of Saunders and Williams (1955). 1 g of soil 
was ashed in a muffle furnace at 550°C for 2 h. 50 ml of 0.5 M H2SO4 was added to 
the ashed soil in a tube. 1 g of unashed soil was added to a separate tube and 50 ml 
0.5 M H2SO4 added. Tubes were shaken for 16 h then centrifuged for 10 min at 5000 
g. P content of each tube was determined colorimetrically using the ammonium 
paramolybdate/stannous chloride reagent (He & Dijkstra, 2015) at 690 nm, in relation 
to KH2PO4 standards. Organic P was calculated as the difference in P content 
between ashed and non-ashed samples. 
Soil pH was analysed using a 1:5 soil to solution ratio in both 10 mM CaCl2 and water 
using a glass electrode. Soil carbon and nitrogen concentrations were measured on 
Climate variable
Min. temp. (°C) -3.2 ± 0.4 -3.6 ± 0.2
Max. temp (°C) 21.4 ± 0.7 22.4 ± 0.6
Total annual rainfall (mm) 552 ± 31 651 ± 62
Global solar exposure (MJ m-2 day-1) 16.9 ± 0.3 16.3 ± 0.3
Altitude (m a.s.l.)
Site
Dargo High PlainsSnowy Plains
1514 1540
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100 mg dry soil using a CHN analyser (Truspec CHN; Leco Australia, Castle Hill, 
NSW, Australia). Soil moisture holding capacity was calculated by drying soil 
samples for 24 h at 60°C. A sub sample of dried soil was weighed and saturated with 
water. This wet soil was then weighed and the % water per unit dry weight of soil was 
calculated. Soil dry bulk density was calculated by drying soil cores of known volume 
for 24 h at 60°C, and weighing them. 
Plant phosphorus was analysed using a modified method of Lambers et al. (2012). 
10 mg of dry powdered leaf material was digested in 2 ml 3:1 HNO3: HClO4 for 10 
days. A 100 µl aliquot of the acid digest was diluted to 1 ml with MQ water. 500 µl 
was then neutralised with 560 µl 1M KOH and centrifuged at 15000 rpm for 10 min. 
Analysis of phosphorus content of the digestate followed the same analytical 
procedures as that of soil, using the photometric method of Murphy and Riley (1962). 
3.3.3 Photosynthesis 
Photosynthetic properties were measured in situ under fully saturating sunlight  
(> 2000 µmol photons m-2 s-1) using a recently calibrated infrared gas analyser 
(IRGA) (LI-6400; Li-Cor Inc., Lincoln, NE., USA) fitted with the 2 x 3 cm clear leaf 
chamber at CO2 concentration of 400 ppm and a flow rate of 350 µmol s-1. A 
photograph was taken of each leaf within the IRGA chamber using a digital camera 
(DSC-HX9V; Sony Corp., New York, NY., USA) for calculation of leaf area. Data 
were then normalised per unit leaf area. 
3.3.4  Membrane lipids 
Crude lipids were extracted and analysed from powdered freeze-dried plant sample 
as reported by Okazaki et al. (2015). Lipids were grouped as follows for statistical 
analyses: phospholipids (14 phosphatidylcholine [PC], two lysophosphatidylcholine 
[lyso-PC], nine phosphatidylethanolamine [PE], four phosphatidylglycerol [PG] and 
two phosphatidylinositol [PI] species); galactolipids (nine monogalactosyl 
diacylglycerol [MGDG] and 11 digalactosyl diacylglycerol [DGDG] species); 
sulfolipids (seven sulfoquinovosyl diacylglycerol [SQDG] species); glucosylceramides 
(six glucosylceramide [GlcCer] species); glucuronosyldiacylglycerols (five 
glucuronosyldiacylglycerol [GlcADG] species). I also quantified eight diacylglycerol 
(DAG) and 42 triacylglycerol (TAG) species, six chlorophylls and two carotenoids. 
Lipid saturation, length of fatty acid chain and signal intensity were all used to 
provide an estimate of membrane fluidity, based on the number of double bonds and 
chain length of fatty acids. 
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3.3.5 Tocopherol 
Tocopherol was analysed from leaves as described by Kreuzwieser et al. (2009). 
Briefly, 50 mg of homogenised frozen leaf powder was added to 500 µl ice-cold 85% 
(v/v) methanol containing 10 µl 100 mg µl-1 ribitol as an internal standard. Samples 
were continuously shaken and heated to 65°C and centrifuged thereafter. 50 µl of the 
supernatant was dried under vacuum. Dried extracts were derivatised with 20 µl 20 
mg ml-1 methoxyamine hydrochloride in anhydrous pyridine; incubation occurred at 
30°C for 90 min and shaken at 1,400 rpm. Thereafter, 50 µl N-methyl-N- 
(trimethylsilyl) trifluoroacetamide (MSTFA) was added and samples were incubated 
at 37°C for 30 min. Samples were centrifuged and, after transfer into GC-MS vials, 
analysed on an Agilent GC/EIMS system (GC 7890A coupled to a 5975C MSD, 
Agilent Technologies, Palo Alto, CA, USA). Injection of 1 µl aliquots into the system 
occurred with an autosampler (Gerstel MPS2-XL, Gerstel, Mülheim, Germany). 
Analytes were separated on a capillary column (HP-5MS 5%, Agilent Technologies, 
Palo Alto, CA, USA) with He as a carrier gas (flow: 1 ml min-1). The GC-MS run 
conditions described by Erxleben et al. (2012) were applied. Raw data were 
processed with freely available AMDIS (automated mass spectral deconvolution and 
identification system, version 2.69) (http://www.amdis.net/). For compound 
identification, I used the Golm Metabolome Database (Kopka et al., 2005). Relative 
quantification of tocopherol contents was obtained by normalising peak areas for 
sample weight and internal ribitol standard and correction for blank values. 
3.3.6 Statistical analyses 
Photosynthetic results were analysed statistically using a two-way analysis of 
variance (ANOVA) with post-hoc Fisher’s least significant difference (LSD) test 
(Prism 6; Graphpad Software, La Jolla, CA, USA). Membrane lipid data were 
normalised by sum, scaled based on the mean and standard deviation, and then the 
composition analysed using a partial least squares - discriminant analysis (PLS-DA), 
with subsequent t-tests to identify individual compounds of interest (Metaboanalyst 
3.0; Xia et al., 2015). Total lipid concentration and specific compound groups were 
analysed using a two-way ANOVA (Prism 6). 
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3.4 Results 
3.4.1 Soil properties and plant phosphorus 
As expected, soil properties varied strongly between sites (Table 3.2). Available 
inorganic phosphate (Pi) was greater at the DHP site (P < 0.05) and organic P was 
greater (P < 0.05) at SP. Carbon, nitrogen and sulfur concentrations followed Pi, and 
were greatest at the DHP site (C, P < 0.001; N, P < 0.001; S, P < 0.01). C:N ratios 
and soil acidity (pH 4) were similar at both sites whilst dry bulk density was greater at 
SP (P < 0.001) and soil moisture holding capacity was greater at DHP (P < 0.01). 
Leaf total phosphorus content was linked closely to soil Pi for herbaceous and grass 
species (G. antrorsum, P < 0.01; R. graniticola, P < 0.01; P. costiniana, P < 0.01; P. 
hiemata, P < 0.01), whilst the sub-shrub V. derwentiana showed little difference 
between sites (P > 0.05) (Figure 3.1). 
 
 
Table 3.2 Soil properties for Snowy Plains (SP) and Dargo High Plains (DHP). 
Values represent means ± SEM. Asterisks indicate significantly different means 
between sites from an unpaired t-test (* = P < 0.05, ** = P < 0.01, *** = P < 0.001). 
 
3.4.2 Gas exchange 
Light saturated rates of photosynthesis (Asat: P < 0.001, F = 56.96, Fig 3.2a) and 
stomatal conductance (gs: P < 0.001, F = 98.26, Figure 3.2b ) clearly followed soil Pi, 
being greatest at DHP. Between-site differences in Asat and gs were greatest for forbs 
> sub-shrubs > grasses. 
 
Soil property P-value
Inorganic P (mg P kg-1 DW) 6.32 ± 0.51 9.21 ± 1.13 *
Organic P (mg P kg-1 DW) 3.44 ± 1.32 0.18 ± 0.13 *
Carbon content (% DW) 16.3 ± 0.4 9.6 ± 0.9 ***
Nitrogen content (% DW) 1.23 ± 0.04 0.68 ± 0.06 ***
C : N ratio 13.3 ± 0.2 14.2 ± 0.3
Sulfur content (% DW) 0.12 ± 0.007 0.08 ± 0.004 **
Dry bulk density (g cm-3) 0.70 ± 0.02 0.47 ± 0.02 ***
Moisture holding capacity (% water DW-1) 77.5 ± 3.5 108.7 ± 5.6 **
pH 3.95 ± 0.11 3.76 ± 0.02
Dargo High PlainsSnowy Plains
Integrated signal
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Figure 3.1 Leaf phosphorus concentrations for G. antrorsum, R. graniticola, P. 
costiniana, P. hiemata and V. derwentiana. Green = SP (low P) site; red = DHP (high 
P) site. Dashed bars are forbs, filled bars are grasses and empty bars are sub-shrub 
species. Values are means ± SEM (n = 3). Asterisks indicate significantly different 
means (* = P < 0.05, ** = P < 0.01, *** = P < 0.001) between sites within species; 
upper case letters denote significantly different means between species identified by 
Fisher’s LSD test (P < 0.05). 
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Figure 3.2 (a) Light saturated photosynthetic (Asat) and (b) stomatal conductance 
(gssat) rates of G. antrorsum, R. graniticola, P. costiniana, P. hiemata and V. 
derwentiana. Green = SP (low P) site; red = DHP (high P) site. Dashed bars are 
forbs, filled bars are grasses and empty bars are sub-shrub species. Values are 
means ± SEM (n = 3). Asterisks indicate significantly different means (* = P < 0.05, ** 
= P < 0.01, *** = P < 0.001) between sites within species; upper case letters denote 
significantly different means between species identified by Fisher’s LSD test (P < 
0.05).  
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3.4.3 Membrane lipids 
Membrane lipid composition varied strongly with site (Figure 3.3). PLS-DA on 
membrane lipid composition clearly segregated SP and DHP for all species studied 
(P < 0.05) (Figure 3.3). Subsequent T-tests highlighted a number of individual lipids 
that varied strongly with site (Appendix - Chapter 3, Tables S 3.1 - S 3.5). Lipids in 
leaves on the SP generally comprised 33.3% galactolipids (sum of 9 MGDG and 11 
DGDG species), 64.9% phospholipids (sum of 14 PC, 2 lyso-PC, 9 PE, 4 PG and 2 
PI species), 1.2% sulfolipids (sum of 7 SQDG species) and 0.6% GlcCers and 
GlcADGs (sum of 6 GlcCer and 5 GlcADG species), whilst those on the DHP 
typically comprised 30.0% galactolipids, 68.6% phospholipids, 0.9% sulfolipids and 
0.5% GlcCers and GlcADGs (Figure 3.4). Between site differences in the 
proportional concentrations of phospholipids were greatest in R. graniticola (7.4% 
lower on the SP), P. hiemata (4.1% lower on the SP) and V. derwentiana (4.2% 
lower on the SP) (Figure 3.4). 
I found that foliar lipid concentrations varied between sites, although patterns were 
highly variable among species. Decreased signal intensities (a proxy for lipid 
concentration) of the two most abundant phospholipid fractions were clear in foliage 
of R. graniticola (-25% PC, P < 0.01; -36% PE, P < 0.001) and P. costiniana (-32% 
PC, P < 0.05; -42% PE, P < 0.05) on the SP (Table 3.3), whilst there were no 
differences found in foliage of G. antrorsum and P. hiemata (P > 0.05). Signal 
intensities of almost all major membrane lipid fractions were increased in foliage of V. 
derwentiana on the SP (+65% PC, P < 0.01; +76% PE, P < 0.05; +162% PG, P < 
0.01; +64% PI, P < 0.01; +104% MGDG, P < 0.001; +94% DGDG, P < 0.001; +88% 
SQDG, P < 0.001) (Table 3.3). Signal intensities of GlcADGs were constitutively 
greater in foliage on the SP, on average, 52% greater than in foliage on the DHP (P 
< 0.05) (Table 3.3). 
Foliar lipid membranes were more fluid at DHP than SP, but patterns in membrane 
fluidity reflected leaf P content more than soil Pi availability; membranes were more 
fluid in R. graniticola (P < 0.05) and P. costiniana (P < 0.05) at DHP, whilst V. 
derwentiana (P < 0.001) exhibited more fluid membranes at SP (Table 3.4). 
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Figure 3.3 PLS-DA score plots of the top 2 membrane lipid components for the 
studied species. Red open circles = DHP (high P) site; green closed circles = SP 
(low P site). Shaded areas represent 95% confidence intervals. 
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Figure 3.4 Total signal intensity, normalised for dry weight, for groups of lipids in the 
leaves of G. antrorsum, R. graniticola, P. costiniana, P. hiemata and V. derwentiana 
on the SP and the DHP. Green = SP (low P) site; red = DHP (high P) site. Signal 
intensities of the different components of each group of lipids (phospholipids, filled 
bars; galactolipids, dashed bars; sulfolipids, empty bars; GlcCers and GlcADGs, 
checked bars) were summed. Values are mean signal intensities (n = 3). 
 
 
Table 3.4 Leaf membrane fluidity of the 5 species, based on degree of lipid 
saturation, length of fatty acid chain and signal intensity. Values represent the mean 
± SEM. Asterisks indicate significantly different means between sites using a two-
way ANOVA with post-hoc Fishers LSD test (* = P < 0.05, ** = P < 0.01, *** = P < 
0.001). 
  
G. a
ntro
rsu
m
R. g
ran
itic
ola
P. c
ost
inia
na
P. h
iem
ata
V. d
erw
ent
ian
a
10
20
30
40
50
60
Si
gn
al
 in
te
ns
ity
 (g
-1
 D
W
)
Species P-value
G. antrorsum 6.46 ± 0.39 5.50 ± 0.51
R. graniticola 5.50 ± 0.67 6.69 ± 0.49 *
P. costiniana 3.37 ± 0.19 4.76 ± 0.20 *
P. hiemata 3.34 ± 0.15 3.85 ± 0.14
V. derwentiana 6.20 ± 0.55 3.41 ± 0.27 ***
Dargo High PlainsSnowy Plains
Membrane fluidity
 60 
Storage lipids (diacylglycerols (DAGs) and triacylglycerols (TAGs)) were reduced in 
concentration at SP (DAGs, P < 0.05, F = 7.39; TAGs, P < 0.001, F = 29.99) (Figures 
3.5a and 3.5b). Foliar concentrations of DAGs were significantly less in P. hiemata (P 
< 0.05) on the SP, whilst the concentration of TAGs was significantly less in G. 
antrorsum (P < 0.001), P. costiniana (P < 0.05) and V. derwentiana (P < 0.05). Leaf 
chlorophyll concentrations were greater on the SP (P < 0.05, F = 7.01), with 
significantly greater concentrations in foliage of G. antrorsum (P < 0.05) and V. 
derwentiana (P < 0.001) (Figure 3.5c). Foliar carotenoid concentrations were greater 
in V. derwentiana on the SP than the DHP (P < 0.001) (Figure 3.5d). 
3.4.4 Tocopherol 
Foliar concentrations of alpha-tocopherol were mostly greater on the SP than DHP 
(P < 0.001, F = 42.89) (Figure 3.6). G.antrorsum (P < 0.001), R. graniticola (P < 
0.001) and P. hiemata (P < 0.05) showed significantly different concentrations 
between sites.  
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Figure 3.5 Concentrations of (a) DAGs, (b) TAGs, (c) chlorophylls and (d) 
carotenoids in foliage of the five study species at the SP and DHP sites. Green = SP 
(low P) site; red = DHP (high P) site. Dashed bars = herbaceous species, filled bars 
= grass species, empty bars = sub shrub species. Values are means ± SEM (n = 3). 
Asterisks indicate significantly different means between sites within each species (* = 
P < 0.05, ** = P < 0.01, *** = P < 0.001); upper case letters denote significantly 
different means between species identified by Fisher’s LSD test (P < 0.05). 
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Figure 3.6 Foliar concentrations of alpha tocopherol in five study species for the SP 
and DHP sites. Green = SP (low P) site; red = DHP (high P) site. Dashed bars = 
herbaceous species, filled bars = grass species, empty bars = sub-shrub species. 
Values are means ± SEM (n = 3). Asterisks indicate significantly different means 
between sites within each species (* = P < 0.05, ** = P < 0.01, *** = P < 0.001); 
upper case letters denote significantly different means between species identified by 
Fisher’s LSD test (P < 0.05). 
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3.5 Discussion 
Numerous studies suggest native Australian plants with specialised root systems can 
tolerate low availability of phosphorus in soils (Lambers et al., 2012; Sulpice et al., 
2014); and that plants exhibit strong short-term responses to P stress (Zhang et al., 
2014; Muneer, 2015). This field-based study is unique in considering chemical and 
physiological adaptations of generalist plants (i.e. without specialised root structures) 
of a variety of life forms, to long-term limitation of P supply. My results indicate a 
limited tolerance to shortages of P; one that is met by adaptation strategies that differ 
amongst plant life forms. 
3.5.1 Phosphorus acquisition from the soil 
Although the total phosphorous contents of soils were similar at the two study sites 
(SP = 9.8 ± 1.5 mg P kg-1 DW, DHP = 9.4 ± 1.2 mg P kg-1 DW), they differed in its 
distribution among P fractions. The greater concentrations of organic P in soils at the 
SP are likely less significant to plant nutrition owing to the generally cool climates 
that restrict mineralisation processes (Vance et al., 2003). Available inorganic P (Pi), 
on the other hand, is readily taken up by the roots (Vance et al., 2003), and was 
considerably more abundant on the DHP. Foliar P concentrations of studied forbs 
and grasses was associated with soil available Pi, suggesting minimal contributions 
of soil organic P to plant nutrition - consistent with current literature (Chiou & Lin, 
2011). The one exception was the perennial woody sub-shrub V. derwentiana with a 
similar foliar P content at both SP and DHP. Recent work has highlighted that, more 
so than herbs, woody plants have increased capacity to utilise organic pools of P; 
their mycorrhizal roots are able to acquire organic P molecules by direct uptake, or 
through hydrolytic liberation of Pi from organic molecules by exuded acid 
phosphatases (Rennenberg & Herschbach, 2013). This pattern is in keeping with the 
stronger association of foliar P concentration to total soil P, rather than Pi, in V. 
derwentiana. 
Increased root to shoot ratios, lateral root growth and establishment of mycorrhizal 
relationships are all characteristic responses to P stress (Niu et al., 2013), 
theoretically increasing foliar P concentration relative to that available from the soil 
(Vance et al., 2003). Although I found greater ratios of foliar P to soil Pi on the DHP 
than the SP for all the herb and grass species, neither site could be regarded as 
depauperate in P. The sub-shrub V. derwentiana on the other hand showed 
considerably greater ratios of foliar P to soil Pi on the SP. Further investigations are 
needed to assess contributions of organic P to nutrition in perennial species in 
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ecosystems with low P availability, and to better identify mechanisms of organic P 
uptake. 
3.5.2 Photosynthesis 
Net CO2 assimilation rates on the SP were considerably slower than those on the 
DHP. Most studies report reduced photosynthetic capacity under P stress (Jacob & 
Lawlor, 1991; Turnbull et al., 2007; Warren, 2011), due to both diffusional and 
biochemical limitations. Reduced rates of stomatal and mesophyll conductance are 
well documented (Singh et al., 2013; Zhang et al., 2014), however impaired ribulose-
1,5-biphosphate (RuBP) regeneration rate and reduced ribulose-1,5-biphosphate 
carboxylase/oxygenase (RuBisCO) carboxylation efficiency are considered to be the 
primary factors limiting photosynthesis (Jacob & Lawlor, 1992; Hernandez & Munne-
Bosch, 2015).  
Stomatal conductance correlated closely with photosynthetic rate in all studied 
species.  In general terms, if conductance was maintained then rates of 
photosynthesis varied only marginally. Diffusional limitations seem likely to be 
responsible for reduced rates of photosynthesis on the SP. Reduced stomatal 
conductance, via smaller and fewer stomata, is a putative adaptation to long-term P 
stress (Sun et al., 2014), and could prevent direct biochemical inhibition of 
photosynthesis.  Further work is needed to confirm this hypothesis. Chiou & Lin 
(2011) suggested that phosphorus starvation response (PSR) is controlled by the 
supply of Pi to the roots, not just systemically via internal P concentrations, 
implicating long distance signalling mechanisms may be involved in photosynthetic 
down regulation, glycolipid biosynthesis, phospholipid degradation and stomatal 
closure. 
Reduced photosynthetic capacity seems to inexorably result in increased 
susceptibility to photoinhibition and photooxidative stress (for review see Hernandez 
& Munne-Bosch, 2015), particularly in alpine ecosystems that are subject to 
consistently strong radiation, including UV (Korner, 1999). Recent genomic and 
proteomic studies with the model plant Arabidopsis thaliana argue that there is 
‘programmed’ down regulation of gene expression for photosynthesis under P 
starvation with simultaneous up regulation of genes encoding photoprotective 
measures and systems scavenging reactive oxygen species (Wu et al., 2003; Misson 
et al., 2005; Morcuende et al., 2007). Similar results have been found in other 
herbaceous species including maize (Zhang et al., 2014), tomato (Muneer et al., 
2015) and rice (Park et al., 2012).  
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3.5.3 Lipids 
Replacement of membrane phospholipids with P-free lipids is a well-documented 
strategy of plants for allocation of internal P (Andersson et al., 2003; Li et al., 2006). 
R. graniticola and P. hiemata substituted phospholipids with both galactolipids and 
sulfolipids in foliage at SP. These species also showed a lessened impact of reduced 
Pi availability on photosynthetic rate. G. antrorsum and P. costiniana had similar 
membrane lipid compositions between sites and greater reductions in 
photosynthesis. Replacement with sulfolipids is particularly important as within plant 
cells this lipid group is limited to the chloroplast membrane (Benning, 1998), so small 
increases in overall leaf sulfolipid concentration can equate to large increases in their 
concentration in the chloroplast membrane. 
At the SP study site, all species accumulated glucuronosyldiacylglycerols (GlcADGs) 
in their leaves, albeit at lesser concentrations than phospholipids, galactolipids and 
sulfolipids. GlcADGs have only recently been identified in plants but are already 
described as critical to relieving stress caused by P limitation (Okazaki & Saito, 
2014). GlcADGs accumulate under P stress in wild type Arabidopsis thaliana, whilst 
GlcADG-deficient mutants showed significant growth defects under the same 
treatment conditions (Okazaki et al., 2013), with similar responses seen in tomato 
and soybean (Okazaki et al., 2015). The exact functional mechanism of these 
molecules remains unclear. 
Lipid peroxidation is a risk under P deficiency, due to greater photooxidative stress in 
mesophyll cells (Hernandez & Munne-Bosch, 2015), however I found no evidence for 
this process. Instead, increased foliar concentrations of alpha-tocopherol, an 
important liposoluble antioxidant (Mallet et al., 1994) could prevent lipid peroxidation 
in forbs and grasses and increased abundance of carotenoids, particularly in V. 
derwentiana, help protect the photosynthetic apparatus from excess light and can 
alleviate oxidative stress via the xanthophyll cycle (Latowski et al., 2011). 
Upregulation of glutathione and ascorbate synthesis will also alleviate oxidative 
stress (Foyer & Noctor, 2011). 
Membrane fluidity is a key measure of resilience to oxidative stress (Los et al., 2013, 
Chen & Liu, 1991). Enhanced unsaturation of membrane fatty acids improves fluidity 
and contributes to the repair of photosystem II complex damage caused by 
photooxidative stress (Sippola et al., 1998). I found that most responses of 
membrane fluidity to site were species-specific. Membrane fluidity was reduced in R. 
graniticola and P. costiniana foliage on the SP, and may increase the potential for 
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oxidative damage (Chen & Liu, 1991). V. derwentiana on the other hand, had more 
fluid membranes; in keeping with postulated adaptation to frequent oxidative stress 
under limited P supply (Los et al., 2013). Further work is required to determine the 
extent to which plants alter membrane fluidity in response to environmental stress, 
and whether or not availability of P is an important factor. 
Concentrations of DAGs and TAGs were considerably greater in leaves of all species 
on the DHP, and can act as a sink for excess photosynthate (Lin & Oliver, 2008). 
Preferential resource allocation to membranes and photoprotective measures helps 
explain reduced concentrations in foliage on the SP (Winichayakul et al., 2013). 
 
3.6 Conclusions 
Plants in the studied sub-alpine ecosystems seemingly optimised phosphorus use 
albeit not sufficient to negate potential reductions in photosynthesis due to poor P 
supply. Phosphorus use and acquisition strategies varied among plant life forms and 
species. Much reduced rates of photosynthesis on the Snowy Plains, were arguably 
due to direct diffusional and biochemical limitations as well as a possible down 
regulation of photosynthesis at the gene level. Replacement of phospholipids with 
galactolipids and sulfolipids in foliage on the Snowy Plains was clear in most species, 
with more extensive replacement alleviating decreases in photosynthetic rate and 
stomatal conductance. Glucuronosyldiacylglyerol concentrations were increased in 
all species on the Snowy Plains, characteristic of P stress. Increased carotenoid and 
tocopherol concentrations, and altered membrane fluidity in foliage on the Snowy 
Plains will help to prevent photooxidative damage, more prevalent under low P 
conditions. Further work is needed to assess the P acquisition strategies used by 
plants in these ecosystems, and the interaction of long-term low P availability with 
other environmental factors, particularly oxidative stress. 
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4 Roles of solar UVA and UVB in development of sunflower 
(Helianthus annuus L.) 
 
4.1 Summary 
Recent work has highlighted that solar UVB benefits plants by enhancing 
photosynthesis and promoting photoprotection via the UVB-specific photoreceptor 
UVR8. The regulatory roles UVB has in plant development are however still largely 
unclear. I investigated influences of solar UVA and UVB on development of primary 
leaves of sunflower (Helianthus annuus). Exposing plants to UVA and UVB promoted 
accumulation of UV screening compounds in epidermal tissues, increasing leaf 
energy content by 42% compared to leaves grown under UVB exclusion. Removing 
UVB reduced the photosynthetic capacity of leaves and stimulated leaf senescence. 
Plants grown without UVB were also significantly taller with sharper leaf angles than 
those exposed to UVB. These results highlight the importance of solar UVB to 
normal development of sunflower plants and suggest that solar UVB should be 
viewed as a ‘eustress’ - a stress response during early development that primes 
plants for stress later in life whilst also improving the efficiency of energy conversion 
in photosynthesis. From an agricultural standpoint these results are promising as 
they suggest we could yield higher energy crops with no additional inputs. 
 
4.2 Introduction 
Ultraviolet light has received much attention for its purported negative effects on 
plants (Vass et al., 2005), albeit plants in natural ecosystems rarely show damage 
caused by UV wavelengths from terrestrial solar radiation. In contrast, recent work 
highlights multiple benefits of solar UV and a review by Wargent and Jordan (2013) 
suggests it is best to consider ultraviolet radiation as a eustress inasmuch as the 
stress response has a positive effect on the plant overall. In physiological terms, 
solar UV has been shown to directly contribute to photosynthesis in some species 
(Turnbull et al., 2013) whilst upregulating photosynthetic performance in others 
(Wargent et al., 2011). Understanding the role of light spectral quality on plant 
physiology and development has great potential for promoting yield and improving 
quality of commercial agricultural and horticultural crops.  
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At least four receptors facilitate plants’ detection of and reaction to different 
wavelengths: phytochromes  (red/far-red, Quail et al., 1995), phototropins and 
cryptochromes (blue and UVA wavelengths, Briggs & Huala, 1999), and the UV 
resistance locus 8 (UVR8) (UVB, Rizzini et al., 2011). In addition to mediating 
phototropism, phototropins may have other regulatory roles including regulating 
stomatal aperture, chloroplast accumulation and alignment, and inhibition of stem 
growth under blue light (Kinoshita et al., 2001; Kagawa et al., 2001; Cosgrove, 1981). 
The functions of cryptochromes vary with plant life stage. In germinants, 
cryptochromes are responsible for downregulating hypocotyl extension, and 
upregulating cotyledon expansion and anthocyanin accumulation (Cashmore et al., 
1999). In mature plants, cryptochromes shorten flowering time and delay leaf 
senescence (Liu et al., 2011).  
A UVB photoreceptor (UVR8, Fuglevand et al., 1996, Rizzini et al., 2011) has only 
recently been identified as promoting photoprotective (accumulation of epidermal 
UV-screening compounds, Brown et al., 2005; Jenkins, 2009), morphological 
(suppression of hypocotyl elongation), and photochemical responses (increased 
photosynthetic efficiency, Davey et al., 2012) to UVB (in particular λ 280 nm and λ 
300 nm, Brown et al., 2009). 
Leaf senescence is a highly regulated developmental process where resources from 
old leaves are translocated to new plant organs. Senescing leaves display changes 
in metabolism, structure and gene expression (Lim et al., 2007). Early onset of leaf 
senescence can be caused by adverse environmental stimuli (Thomas et al., 1980), 
and can be a response to drought (Munne-Bosch and Alegre, 2004), nutrient 
deficiency (Aguera et al., 2010), pathogen infection (Krupinska et al., 2002), heat 
stress (Veerasamy et al., 2007), and light stress (De La Mata et al., 2013; Carvalho 
et al., 2013). Whilst a hormonal response is well documented in senescence studies 
(Sarwat et al., 2013), recent evidence suggests that photo-oxidative stress may also 
play a role (Juvany et al., 2013). When combined with photoreceptor activity, 
oxidative stress could explain the early onset of leaf senescence under high light 
conditions. Little is known about the role of solar UV in leaf senescence, in particular 
because most investigators have grown plants using artificial UV sources (Stapleton, 
1992). 
I investigated the influence of solar UVA and UVB on development of primary leaves 
of Dwarf sunflower (Helianthus annuus L. var. Dwarf Sunsation). I hypothesised that 
plants exposed to solar UV would have greater photosynthetic capacity and delayed 
leaf senescence, compared with plants grown in the absence of UV.  Together these 
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characters could enhance accumulation of photoassimilates (i.e. calorific content) 
and/or biomass. 
 
4.3 Materials and methods 
4.3.1 Experimental design 
I grew Dwarf sunflower (Helianthus annuus var. Dwarf Sunsation) from seed in all-
purpose potting mix (Richgro, Jandakot, WA Australia) in 8 L plastic pots, outside at 
the Centre for Carbon, Water and Food of the University of Sydney, near Camden, 
Australia (34.03°S, 150.65°E). Soils were maintained at close to field capacity 
(watered three times a day) using an automated, drip watering system. An all-
purpose fertiliser (Thrive; Yates Australia, Padstow, NSW, Australia) was applied 
three times a week by hand. Three light treatments were established using UV 
exclusion filters; ‘–(UVA + UVB)’ using λ > 395 nm filters (#3114; Rosco Australia Pty 
Ltd., Artarmon, NSW, Australia), ‘–UVB’ using λ > 320 nm filters (FILMYL75UM-10; 
Archival Survival, Doncaster East, VIC, Australia) and a ‘Control’ using filters that 
transmitted all solar wavelengths (B6191-50; Churchill & Coombes Pty Ltd., 
Lidcombe, NSW, Australia) (Figure 4.1). A total of 24 plants were grown under each 
light treatment, five of which were used for photosynthetic measurements. 
4.3.2 Photosynthesis  
All photosynthetic measurements were made using two recently calibrated infrared 
gas analysers (IRGA) (LI-6400; LI-COR Inc., Lincoln, NE., USA) after plants were 
transferred to a controlled environment room (25°C, RH 60%, 400 ppm [CO2]). A 2 x 
3 cm clear leaf chamber was fitted to each IRGA and light supplied from an external 
UVA-VIS LED growth lamp (L4A; Heliospectra AB, Göteburg, Sweden: output 
wavelengths 370 nm, 400 nm, 420 nm, 450 nm, 530 nm, 620 nm, 660 nm, 735 nm, 
850 nm and 5700 K white), adjusted to provide as realistic representation of sunlight 
as possible (Figure 4.2). All photosynthetic measurements were recorded on the 
primary leaf under both VIS+UVA and VIS-UVA wavelengths. There was no 
significant effect of UVA on measured photosynthetic variables (P > 0.05, data not 
shown). Data shown and used for statistical analyses were from VIS+UVA treatment. 
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Figure 4.1 Transmission spectra of growth treatment filters; sunlight (thick black), 
control (light grey), –UVB (dark grey), and –(UVA + UVB) (thin black). Spectra were 
measured using a spectral radiometer (USB2000+UV-VIS; Ocean Optics, Inc., 
Dunedin, FL, USA). Values shown are total photon flux density values for the visible 
waveband (λ 400 - 700 nm) and the terrestrial UV waveband (λ 280 - 400 nm). 
 
 
Figure 4.2 Spectrum of terrestrial sunlight on a clear day (black) and the output 
spectrum of the LED measurement lamp (grey) recorded using a spectral radiometer 
(USB2000+UV-VIS; Ocean Optics, Inc.). Values shown are the sum of total photon 
flux densities for the VIS wavelength range λ 400 - 700 nm and the terrestrial UV 
waveband λ 280 -400 nm. 
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Light saturated rates of photosynthesis (Asat) were measured with the lamp 10 cm 
above the leaf chamber providing a total PFD 2398 µmol m-2 s-1. Leaves were 
allowed to stabilise in the leaf chamber for 5 min prior to measurement. Chamber 
conditions were matched to those of the controlled environment room (25°C, CO2 
400 ppm, RH 50 – 60 %) and airflow through the chamber was maintained at 250 
µmol s-1. 
A/Ci curves were made using step-wise reductions in reference CO2 concentration, 
from 2000 ppm to 50 ppm in 11 steps over 22 min; all other chamber conditions 
remained as for measurements of Asat. Maximum rates of Rubisco carboxylase 
activity (Vcmax) and photosynthetic electron transport (Jmax) were calculated as per 
Sharkey et al. (2007).  
Light response (AQ) curves were made by reducing PFD (but retaining spectral 
composition) from 920 µmol m-2 s-1 to 0 µmol m-2 s-1 in 11 steps over 11 minutes. 
Chamber conditions were the same as for measurements of Asat. AQ curves were 
used to estimate apparent light compensation points (LCP), light saturation points 
(LSP) and day rates of respiration (Rday) using Photosyn Assistant (Dundee 
Scientific, Dundee, UK). 
Respiration (Rdark) measurements were also made on plants that had been left in a 
darkened controlled environment room overnight (12 hours), at a temperature of 
25°C and CO2 concentration of 400 ppm. All other chamber conditions for 
measurements made in the dark matched those for measurements of Asat.  
4.3.3 Leaf reflectance and transmission 
Reflectance and transmission measurements were made weekly on the same leaves 
used for photosynthetic measurements. Spectra (λ 300 - 700 nm) were logged 
concurrently using two calibrated spectrometers and a pulsed xenon light source 
(200 Hz, intensity 600 V, integrated over 1 second; Jaz Spectral Sensing Suite; 
Ocean Optics, Inc., Dunedin, FL, USA). Total reflectance and transmission were 
based on area under each spectra (Prism 6, Graphpad Software, La Jolla, CA, USA), 
represented as a proportion (%) of the total. 
4.3.4 Leaf fluorescence 
Fluorescence profiles of fresh leaves (sampled from plants adjacent to those used for 
photosynthetic measurements) were captured with a Cary Eclipse fluorescence 
spectrophotometer (Agilent Technologies, Mulgrave, VIC, Australia) and a Cary 
Eclipse fiber optics accessory using a scan rate of 120 nm min-1. Fluorescence 
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emission spectra were collected from samples using an excitation wavelength of 380 
nm (emission λ scan = 400 nm – 700 nm). To determine chlorophyll a fluorescence, 
excitation spectra were collected from fresh leaf samples at emission wavelengths of 
685 nm (excitation λ scan = 340 nm – 475 nm) and 730 nm (excitation λ scan = 370 
nm – 475 nm). 
4.3.5 Chlorophyll content 
Chlorophyll content was estimated in vivo as the ratio of fluorescence emission at λ 
685 nm to emission at λ 730 nm (Lenk & Buschmann, 2006). 
4.3.6 Plant structure and biomass 
Specific leaf area was measured weekly on leaf samples collected from plants 
growing adjacent to those used for photosynthetic measurements. Plants used for 
photosynthetic measurements were harvested at the end of the experiment. Total 
leaf area was measured using an automated leaf area meter (LI-3000C with LI-
3050C accessory; LI-COR Inc., Lincoln, NE, USA). Plant height, internode distances 
and hyponasty were measured by hand. Harvested plant material was dried for 48 h 
at 60°C then weighed for biomass. 
4.3.7 Leaf energy content 
Leaf energy content was measured using a bomb calorimeter (6400 Automatic 
Isoperibol Calorimeter; Parr Instrument Company, Moline, IL, USA). The instrument 
was first calibrated using a benzoic acid standard, then ~0.8 g dry, powdered leaf 
material was used for measurement. 
4.3.8 Statistical analysis 
Statistical analyses were performed in Prism 6. Data for each week were analysed 
using a one-way ANOVA with post-hoc Fisher’s least significant difference test. Two-
way repeated measures ANOVA were used, to assess changes through time, 
followed by post-hoc Fisher’s least significant difference test. 
 
  
 78 
4.4 Results 
4.4.1 Temporal patterns in photosynthesis  
I measured photosynthetic capacity in primary leaves a maximum of two weeks after 
germination, regardless of treatment (P > 0.05) (Figure 4.3). By Week 3, effects of 
senescence on CO2 assimilation (Asat) were most pronounced in the –UVB treatment 
(P < 0.05, Figure 4.3a). There was no difference in gs between UV treatments (P > 
0.05, Figure 4.3b). Corresponding trends were apparent in photosynthetic capacity 
(Vcmax, Figure 4.3c, and Jmax Figure 4.3d). Photosynthetic capacity peaked in Week 2 
and then declined, suggesting changes in underlying photosynthetic biochemistry. 
Despite some week-to-week variation, by Week 5 plants grown without UVA and 
UVB had significantly faster rates of both Asat and gs than those in the other two 
treatments (P < 0.05), suggesting slower onset of senescence in the absence of UV 
(Figure 4.3a and 4.3b). 
Respiration (Rdark, Figure 4.3e, and Rday, Figure 4.3f) showed similar trends to 
photosynthesis. Rates of dark respiration were generally slower in –(UVA & UVB) 
plants and faster in control plants. 
An initial increase in light saturation points (LSP, c.f. Week 1 and Week 2) in all 
treatments (Figure 4.3g), was followed by a steady decline to Week 5 (P > 0.05). 
LSP were generally greater in plants exposed to full sunlight than those screened 
from solar UV. Light compensation points (LCP) were generally greatest one week 
after germination for all treatments (Figure 4.3h). Three weeks after germination, 
both LSP and LCP were significantly less in the –UVB treatment (P < 0.05). In vivo 
chlorophyll content (Table 4.1) showed a similar trend to LSP. 
4.4.2 Temporal changes in leaf spectral properties 
Control plants absorbed considerably more radiation than those screened from UV 
(P < 0.05, F = 3.01, Figure 4.4d), corresponding with both reduced reflectance (P < 
0.01, F = 10.11; Figure 4.4) and increased epidermal screening capacity (Table 4.1). 
Reflectance and transmission increased during senescence for all treatments, 
(Figures 4.4b and 4.4c) but transmission remained greatest in the –UVB plants (P < 
0.01, F = 5.64). 
UV screening capacity (emission λ 450/686 nm) was greatest two weeks after 
germination and then declined after the onset of senescence (Table 4.1). UV 
screening capacity was consistently stronger in control plants; and significantly so 
two and five weeks after germination (P < 0.001, F = 21.79). Foliar chlorophyll 
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content was also greatest two weeks after germination and then declined - 
characteristic of leaf senescence. Chlorophyll content was considerably greater in 
control plants than –UVB plants five weeks after germination (P < 0.05). 
4.4.3 Plant structure 
Specific leaf area (SLA) increased until Week 4 in all treatments, but was greatest in 
–(UVA + UVB) plants compared to other treatments both at Week 1 of treatment (P < 
0.05, F = 8.25) (Figure 4.6g), and between Week 4 and Week 5. (P < 0.05, F = 4.96).  
Whole plant structure was also directly influenced by the quality of light in the growth 
environment. Plants grown without UVB were significantly taller (P < 0.05, Figure 
4.6a) with a greater distance between internodes (P < 0.05, Figure 4.6b) than plants 
from the –(UVA + UVB) treatment.  Plants grown without UVB also had more vertical 
leaf orientations than those in the control or –(UVA + UVB) treatments (P < 0.05, 
Figure 4.6c). 
Whilst allocation of photoassimilate to total leaf area and biomass were unaffected by 
light treatment (P > 0.05, Figures 4.6d and 4.6e) plants in the control treatment had 
31% greater leaf energy content than the –UVB plants and 42% greater leaf energy 
content than the –(UVA+UVB) plants (P < 0.05, Figure 4.6f). 
 80 
  
Table 4.1 Fluorescence em
ission peak ratios, using an excitation λ  380 nm
. V
alues represent m
eans ± S
E
M
 for n = 5. A
sterisks indicate 
significantly different m
eans using a tw
o-w
ay repeated m
easures A
N
O
V
A
 (* = P
 < 0.05, ** = P
 < 0.01, *** = P
 < 0.001). D
ifferent 
low
ercase letters represent significantly different m
eans betw
een treatm
ents each w
eek by Fisher’s LS
D
 m
ultiple com
parison test (α = 
0.05). 
 81 
 
 
Figure 4.3 Light saturated rates of (a) photosynthesis (Asat) and (b) stomatal 
conductance (gssat); maximum rates of (c) Rubisco carboxylase activity (Vcmax) and 
(d) photosynthetic electron transport (Jmax); rates of (e) dark respiration (Rdark) and (f) 
day respiration (Rday); and estimates of (g) light saturation point (LSP) and (h) light 
compensation point (LCP). Solid light grey lines represent the control treatment, 
dashed dark grey lines the –UVB treatment, and dotted black lines the –(UVA + 
UVB)  treatment. Values are means ± SEM (n = 5). Asterisks indicate significantly 
different means between treatments per time point as identified by a one-way 
ANOVA (* = P < 0.05, ** = P < 0.01, *** = P < 0.001). 
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Figure 4.4 (a) Reflectance and transmission spectra two weeks after germination, 
when photosynthetic rates were maximum. Reflection (% of incoming radiation) is 
plotted on the right y-axis; transmission (%) on the left y-axis. Different colours 
represent the three growth treatments, control (red), –UVB (blue) and –(UVA + UVB) 
(green). Values represent means (n = 5). (b) Percentage reflection (top), absorption 
(middle) and transmission (bottom) of the UV-VIS waveband (λ 280 - 700 nm), for 
the five week experiment, calculated from the area under each spectra. Values 
represent means ± SEM (n = 5). For these graphs solid light grey lines represent the 
control treatment, dashed dark grey lines the –UVB treatment, and dotted black lines 
the –(UVA + UVB) treatment. Asterisks indicate significantly different means between 
treatments per time point as identified by a one-way ANOVA (* = P < 0.05, ** = P < 
0.01, *** = P < 0.001). 
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Figure 4.5 (a) Plant height, (b) internode distance, (c) hyponasty, (d) leaf area, (e) 
total biomass and (f) the leaf energy content after harvest. Light grey represents the 
control, dark grey the –UVB treatment, and black the –(UVA + UVB) treatment. 
Values represent means ± SEM (n = 5). Upper case letters denote significantly 
different means identified by a one-way ANOVA with post-hoc Fisher’s LSD test (p < 
0.05). (g) Specific leaf area for the 5-week experiment. The solid light grey line 
represents the control treatment, the dashed dark grey line the –UVB treatment, and 
the dotted black line the –(UVA + UVB) treatment. Values are means ± SEM (n = 5). 
Asterisks indicate significantly different means between treatments per time point as 
identified by a one-way ANOVA (* = P < 0.05, ** = P < 0.01, *** = P < 0.001). 
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4.5 Discussion 
Recent work has highlighted the benefits of including solar UVB in the growth 
environment of plants (for review see Wargent & Jordan, 2013). More specifically, my 
results show that for sunflower, removal of solar UVB from the growth environment of 
sunflower caused early onset of primary leaf senescence, reduced epidermal 
screening against UV wavelengths, and reduced energy content of leaf tissues.  
4.5.1 UVB exposure during early growth primes plants for stress later in life 
Exposure to UVA and UVB during early leaf development increased the UV 
screening capacity of sunflower leaves, arguably priming them for coping with light 
stress in later stages of growth (see also Wargent and Jordan 2013). Accumulation 
of epidermal screening compounds to protect underlying mesophyll cells from excess 
light energy is a common response of exposure to UV radiation (Solovchenko & 
Merzlyak, 2008). Whilst providing protection against high energy UV, these 
photoprotective compounds also protect the photosynthetic apparatus from excess 
visible light (Wargent et al., 2015). In this study, sunflower reflected less incident 
radiation when UV was present. Alone this would be considered counter productive 
to photoprotection, however sunflowers also displayed increased epidermal 
screening against higher-energy wavelengths (Table 4.1).   
Increased photosynthetic efficiency is generally sink driven e.g. during production of 
biomass (Zhu et al., 2010). The results however show that for sunflowers, priming 
production of secondary metabolites (via growth in the presence of UV) enhances 
accumulation of products of photosynthesis, as reflected in leaf energy content.  In 
this case, the source of enhanced leaf energy content is most likely an accumulation 
of epidermal screening compounds (Murchie & Niyogi, 2011).  
4.5.2 Exposure to solar UVB protects the photosynthetic apparatus from UVA 
Adverse environmental stimuli, including drought (Munne-Bosch & Alegre, 2004), 
nutrient deficiency (Aguera et al., 2009) and high light stress (de la Mata et al., 
2013), have been shown to cause premature leaf senescence in sunflower and are 
associated with increased oxidative stress (Juvany et al., 2013). The presence of 
solar UV in the light environment should theoretically increase cellular oxidative 
pressure due to an excess of energy for photosynthesis, and putative direct UV 
damage of the photosynthetic machinery (Jordan, 2002). My results showed that only 
plants grown in the presence of UVA but absence of UVB displayed early 
senescence, whilst those grown under full sunlight and those grown under complete 
UV exclusion conditions did not. A possible explanation is that the UVR8 
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photoreceptor functions exclusively in response to UVB (Brown et al., 2009). In the 
presence of UVB, UVR8 signals up-regulation of photoprotection to prevent oxidative 
damage by both UVB and UVA. Removal of UVB takes away the trigger for UVR8 
production, leaving plants vulnerable to UVA-induced oxidative damage (Morales et 
al., 2010) and premature leaf senescence. My findings differ from those of Joshi et 
al. (2007) who found the presence of UVA to offer partial protection of the 
photosynthetic apparatus from UVB. Here, results suggest the opposite - UVB offers 
protection from adverse effects of UVA.  
Deleterious effects of UVB have been the focal point of many investigations, 
particularly with regards to stratospheric ozone depletion (Allen et al., 1998). Little is 
known about the impact of UVA in the absence of UVB. What is clear is that UVA 
has both positive and negative impacts on plant physiology. Turnbull et al. (2013) 
showed that some native Australian species are able to utilise UVA to drive 
photosynthesis directly whilst other studies have shown that exposure to lower UVA 
wavelengths can damage the photosynthetic reaction centres, particularly PSII (Vass 
et al., 2002; Ivanova et al., 2009). Results presented here suggest that deleterious 
effects of UVA outweigh beneficial effects, if UVB is not also present. 
4.5.3 Photomorphogenic responses to solar UV 
Photomorphogenic responses to UV are well documented. Exposure of sunflowers to 
UV followed the literature in that leaf mass per unit area increased (Rozema et al., 
1997; Laposi et al., 2009). The results of this study suggest an increase in leaf 
thickness rather than a reduction in leaf expansion (Figure 4.5d), which together with 
reduced leaf number are also well known strategies to reduce radiative loads 
(Searles et al., 2001). 
Plants grown without UVA were taller and had sharper leaf angles than those grown 
in full sunlight, and those grown without UVA and UVB. Stem elongation is a 
characteristic response to low light levels and is interpreted as helping prevent self-
shading and promoting light capture (Pearcy et al., 2005).  It is a typical characteristic 
of forest understory plants (Pearcy et al., 2004). UVR8 has a role in the inhibition of 
stem elongation under UVB exposure and could provide explanation for the shorter 
phenotype of plants exposed to UVB (Wargent et al., 2009). Removing UVB resulted 
in taller plants, and leaf angles that minimised radiation absorption.  These 
characters were, however, insufficient to prevent premature senescence. 
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4.5.4 Implications and applications 
These results support a growing body of literature suggesting UV can benefit 
agricultural and horticultural crops (Lettuce, Wargent et al., 2015; Pea, Bolink et al., 
2001; Cucumber, Teklemariam & Blake, 2003) as well as model plant species 
(Arabidopsis thaliana, Davey et al., 2012; Poplar, Kaling et al., 2015). The results of 
this study are promising from an agricultural standpoint in suggesting that we could 
yield higher energy crops with no additional inputs. These crops will also likely have 
greater concentrations of antioxidants and secondary metabolites, both of which are 
considered to be beneficial for human nutrition (Jansen et al., 2008). Issues of food 
security and global environmental change (Godfray et al., 2010) underpin the need to 
consider less conventional methods of crop protection - such as priming to stress by 
exposure to UVB. 
 
4.6 Conclusions 
These results highlight the importance of solar UVB to normal development of 
sunflower. When UVB is excluded from the light environment plants had impaired 
photosynthetic capacity, reduced photoprotective capacity and structural 
modifications that resulted in the early onset of primary leaf senescence. The 
presence of solar UVA and UVB on the other hand enhanced photosynthetic 
performance and promoted accumulation of photoprotective screening compounds. 
Exposing plants to full sunlight also resulted in increased foliar energy content than 
plants grown under UV exclusion conditions. This result strongly supports recent 
literature (Wargent & Jordan, 2013) suggesting that solar UVB should be viewed as a 
eustress, rather than the conventional view as a detrimental stress factor. It is clear 
from this study that UVB offers key developmental cues to sunflower plants; that are 
missed if UVB is removed from the spectral environment. Many researchers have 
suggested it will be increasingly difficult to meet global demand for food, due to 
increased populations and global environmental change. Better understanding and 
use of the benefits of UVB - priming plants for stress later in life whilst also providing 
higher energy and more nutritional crop products – could be part of the solution. 
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5 Solar UV enhances photosynthetic resilience to 
phosphorus stress in sunflower (Helianthus annuus L.) 
 
5.1 Summary 
Global agricultural production is already limited by availability of phosphorus and this 
limitation will likely worsen in future. Solar UV has recently been shown to provide 
benefits to plant productivity via promoting protection against environmental stresses. 
I sought to test if solar UV could increase tolerance to low phosphate supply in 
sunflower (Helianthus annuus). Plants grown under full sunlight maintained fast rates 
of photosynthesis regardless of P supply, whilst those grown under UV exclusion 
showed reduced rates of photosynthesis under low P conditions, limited by rates of 
photosynthetic electron transport. Antioxidants were more abundant in foliage of 
these plants suggesting increased oxidative stress. Replacement of phospholipids 
with P-free lipids was a common response in all plants grown with reduced P supply.  
Compared to plants screened from UV, those exposed to UV had constitutively 
smaller concentrations of phospholipids in leaf tissue, with concomitant increases in 
concentrations of carbon-based galactolipids. These results suggest that solar UV 
plays a role in mitigating negative effects of poor P supply by promoting partitioning 
of photosynthate to lipid biosynthesis, liberating Pi for other metabolic uses. 
 
5.2 Introduction 
Almost one third of global agricultural soils are phosphate (Pi) deficient (McDonald et 
al., 2011) and rely on the input of mineral fertilisers. Conservative estimates predict 
that natural rock phosphate reserves, from which most phosphorus fertilisers are 
derived, will be depleted within 50-100 years (Cordell et al., 2009). As population 
growth and global environmental change combine to reinforce ever-increasing 
demand for P, it is imperative that we understand mechanisms that enable plants to 
tolerate low phosphate conditions. Exposure to solar UV could help improve 
photosynthetic performance of plants and resilience to low P stress with no additional 
inputs (Wargent & Jordan, 2013). 
Phosphorus has a diverse range of roles within plant cells. In barley (Hordeum 
vulgare) grown under growth-limiting P-supply the major pools of leaf P are RNA 
(~27% of leaf organic P) > free orthophosphate (Pi) (~26%) > P containing 
metabolites (~26%) > phospholipids (~17%) > DNA (~4%) (Lambers et al., 2012; 
 93 
Veneklaas et al., 2012). In plants grown under severe P stress, concentrations of 
free orthophosphate in the cytosol are often reduced (Bollons & Barraclough, 1999) 
such that the imbalance between free Pi and phosphorylated intermediates of 
photosynthesis (particularly adenosine triphosphate, ATP) limits photosynthetic 
capacity (Jacob & Lawlor, 1993).  
To sustain rates of photosynthesis under limiting P supply, plants redistribute P 
amongst competing requirements e.g. RNA and cell membrane components. RNA 
content varies with P supply (Plaxton & Tran, 2011) but most strongly reflects protein 
synthesis (Elser et al., 2010; Suzuki et al., 2010) such that plants can release Pi from 
the RNA pool by optimising the timing of protein synthesis during leaf development 
(Veneklaas et al., 2012). Extensive replacement of cellular and sub-cellular 
membrane phospholipids with galactolipids and sulfolipids (Essigmann et al., 1998; 
Andersson et al., 2005; Jouhet et al., 2004) has been well documented as a 
response to low P conditions in native plants and crop species alike (Arabidopsis: 
Härtel et al., 2001; Oat: Andersson et al., 2003; soy bean: Gaude et al., 2004; 
Proteaceae: Lambers et al., 2012; sub-alpine Australian species: Ch.2Salter et al., 
2016).  
Recently, Ellsworth et al. (2015) proposed that recycling of Pi from ATP produced via 
photorespiration helps maintain photosynthetic rates. They found that when P supply 
was severely limited, CO2 assimilation rates of some woody species were ~ 20% 
slower if photorespiration was prevented. Photorespiration is also a recognised 
mechanism for consuming excess energy from the light-dependent reactions of 
photosynthesis, alleviating restrictions caused by phosphorus stress (Zhang et al., 
2014). 
Studies regarding the effect of UV on plant physiology have historically been framed 
by concerns associated with stratospheric ozone depletion; i.e. identifying 
detrimental impacts of elevated UV on plant form and function (Jordan, 2002). As an 
increasing body of literature shows that plants can also benefit from natural UV 
insolation, solar UV is increasingly being recognised as a eustress - i.e. the stress 
response is beneficial to the plant. UVA wavelengths have been shown to contribute 
to photosynthesis, through direct absorption by chlorophyll a (Lichtenthaler & 
Buschmann, 2001; Turnbull et al., 2013) and indirectly through reabsorption of 
fluoresced photons from screening compounds (Mantha et al., 2001; Johnson & Day 
2002; Turnbull et al., 2013). Exposure to solar UVB can promote photoprotection, 
increase photodamage repair and upregulate photosynthesis, via the UVB specific 
UVR8 photoreceptor (Jenkins, 2009; Wargent et al., 2011; Wargent et al., 2015). 
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Synthesis of photoprotective and antioxidant compounds contributes to overall ‘sink 
strength’ for photosynthates (Davey et al., 2012; Wargent et al., 2015). These 
photoprotective responses can provide constitutive protection against other 
stressors, particularly those that impose increased oxidative stress on mesophyll 
cells. 
Even though plants in the field are simultaneously exposed to numerous sources of 
stress, more often than not studies of the effects of solar UV are conducted in 
isolation – with other resources maintained at non-limiting levels. There are very few 
studies of the impacts of multiple stresses.  For example, low concentrations of Pi in 
the cytosol reduces ability to process light energy (Jacob & Lawlor, 1992), which can 
lead to photoinihibition, the formation of reactive oxygen species (ROS) and oxidative 
stress (Hernandez & Munné-Bosch 2015). Although direct limitation of 
photosynthesis by insufficient Pi is well understood, photo-oxidative stress caused by 
interactions between Pi availability and availability of other resources is open to 
interpretation. It is possible that exposure to solar UV may promote photoprotection 
and prevent reduced photosynthetic rates commonly associated with limited Pi.  
I studied whether exposure to solar UV influenced the tolerance of sunflower 
(Helianthus annuus) to low P availability. I hypothesised that plants grown under 
limiting P supply would modify lipid biosynthesis to substitute membrane 
phospholipids with non-P lipids, and liberate Pi for photosynthetic use. I further 
hypothesised that exposing plants to full sunlight would promote epidermal screening 
and antioxidant capacities such that photosynthetic rates are less limited by reduced 
P availability than those grown under UV exclusion or shade.  
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5.3 Materials and methods 
5.3.1 Experimental set up 
I grew Dwarf sunflower (Helianthus annuus var. Dwarf Sunsation) from seed in 8 L 
plastic pots at the Centre for Carbon, Water and Food at the University of Sydney 
(34.03°S, 150.65°E) during February 2014. Plants were grown outside in sand and 
watered to field capacity three times daily using an automated, drip-watering system. 
Fertiliser solution was added three times a week in the form of a Hoagland and 
Arnon solution (8.25 mM N as NH4NO3; 2.25 mM K as KH4NO3; 2.0 mM Mg as 
MgSO4^7H2O; 4.0 mM Ca as CaCl2^(2O; 4.6 µM B as H3BO3; 0.5 µM Mn as 
MnCl2^(2O; 0.2 µM Zn as ZnSO4^(2O; 0.1 µM Mo as (NH4)6Mo7O24^(2O; 0.2 µM 
Cu as Cu SO4^(2O; and 45 µM Fe as FeCl3) modified for two concentrations of P: 
high concentration of phosphate (high P: 2 mM as KH2PO4) and one containing a low 
concentration of phosphate (low P: 0.33 mM as KH2PO4). Three light treatments 
were established using filters and screens; ‘UV-Exc’ using λ > 395 nm filters (#3114; 
Rosco Australia PTY Ltd., Artarmon, NSW, Australia), ‘Shade’ using 25% 
transmission shade cloth (Shade, Coolaroo 439675; Gale Pacific Ltd., Braeside, VIC, 
Australia) and ‘Control’ using filters that transmitted all solar wavelengths (B6191-50; 
Churchill & Coombes Pty Ltd., Lidcombe, NSW, Australia) (Figure 5.1). A total of 15 
plants were grown under each treatment, eight of which were used for 
measurements. Measurements were taken two weeks after germination, as optimal 
photosynthetic rate was observed at this time point in previous work Ch.4(Salter et al., 
2016). 
  
 96 
 
Figure 5.1 Transmission spectra of growth treatment filters; sunlight (thick black), 
control (light grey), UV-exclusion (dark grey), and shade (thin black). Spectra were 
measured using a spectral radiometer (USB2000+UV-VIS; Ocean Optics, Inc., 
Dunedin, FL, USA). Values shown are total photon flux densities for the visible 
waveband (λ 400 - 700 nm) and the UV waveband (λ 280 - 400 nm). 
 
5.3.2 Photosynthesis 
All photosynthetic measurements were made using two recently calibrated infrared 
gas analysers (IRGA) (LI6400; Li-Cor Inc., Lincoln, NE, USA) after plants had been 
moved to a controlled environment room (25°C, RH 60%, 400 ppm [CO2]). The 
IRGAs were fitted with 2 x 3 cm clear leaf chambers and light supplied from an 
external UVA-VIS LED growth lamp (L4A series 20; Heliospectra AB, Göteborg, 
Sweden: output wavelengths 370 nm, 400 nm, 420 nm, 450 nm, 530 nm, 620 nm, 
660 nm, 735 nm, 850 nm and 5700 K white), adjusted to provide a realistic 
representation of sunlight (Figure 5.2). All photosynthetic measurements were 
recorded under VIS+UVA and VIS-UVA wavelengths. There was no significant effect 
of UVA on measured photosynthetic variables (P > 0.05, data not shown). Data 
shown and used for statistical analyses were from the VIS+UVA treatment with the 
lamp 10 cm above the leaf chamber providing a total photon flux density (PFD) 2398 
µmol m-2 s-1. 
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Figure 5.2 Spectrum of terrestrial sunlight on a clear day (black) and the output 
spectrum of the LED measurement lamp (grey) recorded using a spectral radiometer 
(USB2000+UV-VIS; Ocean Optics, Inc.). Values shown are the sum of total photon 
flux densities for the visible waveband (λ 400 - 700 nm) and the UVA waveband (λ 
320 - 400 nm). 
 
Light saturated rates of photosynthesis (Asat) and stomatal conductance (gs) were 
made with chamber conditions matching those of the controlled environment room 
(25°C, CO2 400 ppm, RH 50 - 60%), with airflow through the chamber retained at 250 
µmol s-1. Leaves were allowed to stabilise in the leaf chamber for 5 min prior to 
measurement. 
A/Ci curves were made using step-wise reductions in CO2 concentration, from 2000 
ppm to 50 ppm in 11 steps over 22 min; all other chamber conditions remained the 
same as for measurements of Asat. Maximum rates of Rubisco carboxylase activity 
(Vcmax), electron transport (Jmax) and triose phosphate utilisation (TPU) were 
calculated as per Sharkey et al. (2007). 
Day respiration (Rd) was calculated by measuring a short light response curve at low 
PFDs. The curves were made by reducing PFD (but retaining spectral composition) 
from 100 µmol m-2 s-1 to 0 µmol m-2 s-1 in 5 steps over 5 minutes. Chamber conditions 
were the same as for measurements of Asat. Rd was then calculated using Photosyn 
Assistant (Dundee Scientific, Dundee, UK). 
Respiration (Rdark) was measured on plants that had been left in a darkened 
controlled environment room overnight (12 hours), at a temperature of 25°C and CO2 
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concentration of 400 ppm. All other chamber conditions for measurements matched 
those for measurements of Asat. 
5.3.3 Tocopherol 
Tocopherol was analysed as described by Kreuzweiser et al. (2009) and as 
described by Ch.3Salter et al. (2016).  
5.3.4 Plant phosphorus 
Foliar P concentrations were analysed using a modified method of DeMott et al. 
(1998). 10 mg of dry powdered leaf material was ashed for 30 min at 300°C then two 
hours at 550°C. Ashed samples were transferred to test tubes and 5 ml MQ water 
added. 0.4 ml 10 M H2SO4 was added to tubes and samples heated in a water bath 
at 95°C for 40 min. Tubes were cooled to room temperature before addition of 1 ml 
molybdate reagent (0.208 g antimony potassium-tartrate and 9.6 g ammonium 
heptamolybdate 4-hydrate in 1 l MQ water), 0.4 ml 0.1 M ascorbic acid and 3 ml MQ 
water. Samples were vortexed then incubated at room temperature for one hour 
before measurement of absorbance at λ 880 nm with a UV-VIS spectrophotometer 
(UVmini-1240; Shimadzu Scientific Instruments, Sydney, NSW, Australia). 
Concentrations were calculated based on a KH2PO4 standard curve. 
5.3.5 Membrane lipids 
Frozen, homogenised leaf tissue was quickly immersed in 3.0 ml 75°C isopropanol 
with 0.01% butylated hydroxytoluene (BHT) to inhibit lipolytic activities then 
incubated at room temperature for 15 min. 1.5 ml chloroform and 0.6 ml MQ water 
were added and the tubes agitated on a shaker for one hour. Lipid extracts were 
transferred to clean glass test tubes. 4.0 ml chloroform/methanol (2:1) with 0.01% 
BHT was added to the plant material and the tubes shaken for a further 30 minutes. 
Lipid extracts were added to those collected previously. This process was repeated 
four times with the last extraction left overnight. Extracts were evaporated to 
approximately 1.0 ml using a rotary evaporator (VV2000; Heidolph Instruments 
GmbH, Schwabach, Germany) and transferred to 2.0 ml glass vials. Extracts were 
dried completely using a vacuum concentrator (RVC 2-25; Martin Christ GmbH, 
Osterode am Harz, Germany), leaving only the extracted lipids in vials. Plant material 
was dried in an oven at 60°C and weighed to 5 decimal places. 
Lipid analysis was performed using an electrospray ionisation (ESI) triple quadrupole 
mass spectrometer (API 4000; Applied Biosystems, Foster City, CA, USA) as 
described by Xiao et al. (2010). Briefly, lipid extracts were redissolved in 1.0 ml 
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chloroform. An aliquot of 150 µl to 300 µl of extract, dependent on the dry weight of 
plant material, was combined with chloroform, methanol and 300 mM ammonium 
acetate at a ratio of 300/665/35, to give a final volume of 1.4 ml. Internal standards 
were added as per Welti et al. (2002). Samples were introduced into the ESI source 
of the mass spectrometer at a rate of 30 µl min-1 using an autosampler (LC Mini PAL; 
CTC Analytics AG, Zwingen, Switzerland).  
Spectra were produced for each lipid species from sequential precursor and neutral 
loss scans of the extracts. Lipid species were detected with scans described in 
Devaiah et al. (2006). The background of each spectra was subtracted, the data 
smoothed, and peak areas integrated using a custom script developed by the 
Lipidomics group at Kansas State University (LipidomeDB Data Calculation 
Environment; http://lipidome.bcf.ku.edu:9000/Lipidomics) and Applied Biosystems 
Analyst software (MDS Inc., Concorde, Ontario, Canada). The lipids in each class 
(20 phosphatidylcholines (PC), 13 phosphatidylglycerols (PG), 14 
phosphatidylinositols (PI), 23 phosphatidylethanolamines (PE), 12 phosphatidic acids 
(PA), 26 phosphatidylserines (PS), 5 lysophosphatidylglycerols (LysoPG), 6 
lysophosphatidylcholines (LysoPC), 5 lysophosphatidylethanolamines (LysoPE), 16 
monogalactosyldiacylglycerols (MGDG), 16 digalactodiacylglycerols (DGDG) and 16 
sulfoquinovosyl diacylglycerols (SQDG) species) were quantified based on internal 
standards of that class. Peaks corresponding to target lipids were identified and 
molar concentrations calculated in comparison to internal standards. To correct for 
chemical or instrumental noise, the molar concentration of each lipid metabolite 
detected in a “standards only” mixture was subtracted from that measured in each 
sample. The data were finally corrected for the fraction of sample analysed and 
normalised to the sample dry weights to give concentrations in nmol mg-1. 
5.3.6 Reflectance and transmission 
UV-VIS (λ 300 - 700 nm) reflectance and transmission measurements were made on 
fresh leaves with a spectrophotometer as described by Ch.4Salter et al. (2016). 
5.3.7 Fluorescence 
Fluorescence profiles of fresh leaves were captured with a fluorescence 
spectrophotometer as described by Ch.4Salter et al. (2016). 
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5.3.8 Chlorophyll content 
Chlorophyll content was estimated in vivo as the ratio of fluorescence emission at  
λ 690 nm to emission at λ 720 nm using an excitation of λ 380 nm (Lenk & 
Buschmann, 2006). 
5.3.9 Epidermal screening capacity 
Epidermal screening capacity was estimated in vivo as the ratio of fluorescence 
emission at λ 440 nm to emission at λ 690 nm using an excitation of λ 380 nm (Lenk 
& Buschmann, 2006). 
5.3.10 Statistical analyses 
Photosynthesis, plant phosphorus, tocopherols, lipid classes, fluorescence ratios, 
and total reflection/transmission data were analysed statistically using two-way 
ANOVAs with post-hoc Fisher’s least significant difference (LSD) tests for P and light 
treatments (Prism 6; Graphpad Software, La Jolla, CA, USA). Membrane lipid data 
were normalised by sum, scaled based on the mean and standard deviation, and 
then the composition analysed using a partial least squares - discriminant analysis 
(PLS-DA) with subsequent two-way ANOVA to identify individual compounds of 
interest (Metaboanalyst 3.0; Xia et al., 2015). 
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5.4 Results 
5.4.1 Plant phosphorus 
Sunflower grown with a greater concentration of P in the nutrient solution produced 
foliage that was also richer in P (P < 0.001, F = 222) (Figure 5.3). Leaf P 
concentrations did not differ between plants grown with or without UV, however 
concentrations were significantly greater in plants grown in shade than those grown 
under UV exclusion (P < 0.05). 
 
Figure 5.3 Leaf phosphorus concentrations. Black = high P; grey = low P. Empty 
bars represent plants grown under full sunlight (Control), dashed bars under UV-
exclusion (UVexc) and solid bars under shade (Shade). Values are means ± SEM (n 
= 8). Asterisks indicate significantly different means (* = P < 0.05, ** = P < 0.01, *** = 
P < 0.001) between phosphorous treatments within light treatment; upper case letters 
denote significantly different means between light treatments identified by Fisher’s 
LSD test (P < 0.05). 
 
5.4.2 Photosynthesis 
Reduced P availability slowed photosynthetic rates (Asat) by 19% when UV was also 
removed from the light environment (P < 0.05, Figure 5.4a). This corresponded with 
reduced maximum rates of electron transport (Jmax) (< 0.05, Figure 5.4d). 
Photosynthetic rates of plants grown with UV were however unaffected by P 
availability (P > 0.05, Figure 5.4a). 
Light saturated rates of photosynthesis (Asat) were 20% slower in plants grown in 
shade compared to those grown in full sunlight (P < 0.05) (Figure 5.4a). Maximum 
rates of triose phosphate utilisation were also 20% slower (P < 0.05) (Figure 5.4e) 
and dark respiration rates 25% slower in shade plants (P < 0.05) (Figures 5.4g). Day 
respiration rates were unaffected (P > 0.05, Figure 5.4f). 
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5.4.3 Tocopherol 
Foliar concentrations of alpha-tocopherol were ~50% less in shade plants (P < 0.05 
F = 11.29), but were unaffected by availability of phosphorus (P > 0.05) (Figure 
5.4h).  Under low P conditions, slightly reduced tocopherol concentrations in the 
Control treatment were not significantly different to other treatments (P > 0.05). 
5.4.4 Membrane lipids 
Foliar concentrations of phospholipids reflected Pi availability, with reductions in all 
major phospholipid fractions under conditions of reduced P supply (PC, P < 0.001, F 
= 440 (Figure 5.5a); PG, P < 0.001, F = 306 (Figure 5.5b); PI, P < 0.001, F = 437 
(Figure 5.5c); PE, P < 0.001, F = 64.4 (Figure 5.5d); PA, P < 0.001, F = 69.9 (Figure 
5.5e); PS, P < 0.001, F = 39.3 (Figure 5.5f); LysoPG, P < 0.001, F = 18.7 (Figure 
5.5g); LysoPC, P < 0.001, F = 134 (Figure 5.5h); LysoPE, P < 0.001, F = 80.2 
(Figure 5.5i)). Molar concentrations of sulfolipids increased in low P treatments 
(SQDG, P < 0.001, F = 19.9 (Figure 5.5l). Increases in concentrations of the two 
major galactolipid fractions were not statistically significant  (MGDG, P > 0.05 (Figure 
5.5j); DGDG, P > 0.05 (Figure 5.5k)). 
Total concentrations of membrane lipids were ~25% greater in leaves of shaded 
plants (P < 0.05) (Figure 5.6). Increased overall lipid concentrations in leaves of 
shade plants were caused by increases in all major membrane lipid groups (Figure 
5.5, P < 0.05; exceptions being lysoPC and lysoPG). 
Phospholipid concentrations were significantly less in plants grown under solar UV 
(Figure 5.6, P < 0.05). Galactolipids represented constitutively larger proportions of 
the leaf lipidome in plants grown under solar UV, than those grown under UV-
exclusion or shade (Figure 5.6, P < 0.05). 
PLS-DA on membrane lipids clearly segregated phosphorus treatments (P < 0.05), 
but not light treatments (P > 0.05) (Figure 5.7). A subsequent two-way ANOVA 
highlighted a number of individual lipid species that varied strongly between 
treatments (Appendix - Chapter 5, Figure S 5.1 and Table S 5.1); of 173 lipids 
analysed 93 compounds varied significantly due to phosphorus availability, 5 lipids 
were affected by light treatment whilst 36 were affected by both P and light (P < 
0.05). 
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Figure 5.4 Light saturated rates of (a) photosynthesis (Asat) and (b) stomatal 
conductance (gs); maximum rates of (c) Rubisco carboxylase activity (Vcmax), (d) 
photosynthetic electron transport (Jmax) and (e) triose phosphate utilisation (TPU); 
and (f) rates of day respiration (Rday) and (g) dark respiration (Rdark). (h) Foliar 
concentrations of alpha tocopherol. Black = high P; grey = low P. Empty bars 
represent plants grown under full sunlight (Control), dashed bars under UV-exclusion 
(UVexc) and solid bars under shade (Shade). Values are means ± SEM (n = 8). 
Asterisks indicate significantly different means (* = P < 0.05, ** = P < 0.01, *** = P < 
0.001) between phosphorous treatments within light treatment; upper case letters 
denote significantly different means between light treatments identified by Fisher’s 
LSD test (P < 0.05). 
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Figure 5.5 Leaf concentrations of (a) phosphatidylcholines (PC), (b) 
phosphatidylglycerols (PG), (c) phosphatidylinositols (PI), (d) 
phosphatidylethanolamines (PE), (e) phosphatidic acids (PA), (f) phosphatidylserines 
(PS), (g) lysophosphatidylglycerols (LysoPG), (h) lysophosphatidylcholines (LysoPC) 
(i) lysophosphatidylethanolamines (LysoPE) (j) monogalactosyldiacylglycerols 
(MGDG), (k) digalactodiacylglycerols (DGDG), and (l) sulfoquinovosyl diacylglycerols 
(SQDG). Black = high P; grey = low P. Empty bars represent plants grown under full 
sunlight (Control), dashed bars under UV-exclusion (UVexc) and solid bars under 
shade (Shade).  Values are means ± SEM (n = 8). Asterisks indicate significantly 
different means (* = P < 0.05, ** = P < 0.01, *** = P < 0.001) between phosphorous 
treatments within light treatment; upper case letters denote significantly different 
means between light treatments identified by Fisher’s LSD test (P < 0.05). 
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Figure 5.6 Total foliar concentrations of membrane lipids for plants grown under high 
and low P treatments. Empty bars represent plants grown under full sunlight 
(Control), dashed bars under UV-exclusion (UVexc) and solid bars under shade 
(Shade). Galactolipids, green; phospholipids, red; sulfolipids, blue. Values are means 
and error bars represent the SEM of the total membrane lipid concentration. 
Asterisks indicate significantly different means (* = P < 0.05, ** = P < 0.01, *** = P < 
0.001) between phosphorous treatments within light treatment; upper case letters 
denote significantly different means between light treatments identified by Fisher’s 
LSD test (P < 0.05). 
 
 
Figure 5.7 PLS-DA score plots of the top 2 membrane lipid components. Symbols 
indicate individual replicates: r  = high P control; È  = high P shade; Î  = high P UV-
exclusion; ¯  = low P control; s  = low P shade; T  = low P UV-exclusion. Shaded 
areas represent 95% confidence intervals; Black = high P, grey = low P; outlines = 
control, solid = shade, dashed = UV exclusion. 
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5.4.5 Leaf spectral properties 
Epidermal UV screening capacity increased two-fold under low P conditions (P < 
0.001, F = 93.03), but was reduced in shade plants (P < 0.001) (Table 5.1). UV 
exposure appeared to promote epidermal screening however was not significantly 
different from UV exclusion plants (P > 0.05). Foliar chlorophyll content was also 
increased in low P plants (P < 0.001, F = 57.44), and reduced in shade plants but 
only when P supply was limited (P < 0.01) (Table 5.1). 
Reflection of UV-VIS wavelengths at the adaxial leaf surface was unaffected by 
availability of phosphorus or light environment (P > 0.05) (Table 5.1). Transmission of 
light was ~1% lower under low P conditions (P > 0.05), although this did not 
significantly increase the absorbance of light by leaves (P < 0.05) (Table 5.1). 
 
 
Table 5.1 Fluorescence emission peak ratios, using excitation λ 380 nm; and 
percentage reflectance, transmission and absorption values for the UV-VIS 
waveband (λ 280 - 700 nm). Values represent means ± SEM for n = 8. Asterisks 
indicate significantly different means using a two-way ANOVA (* = P < 0.05, ** = P < 
0.01, *** = P < 0.001). Different capital letters indicate significantly different means 
between P treatments within light treatments by Fisher’s LSD multiple comparisons 
test. Different lowercase letters indicate significantly different means between light 
treatments within P treatments by Fisher’s LSD multiple comparisons test.  
  
Characteristic
UV screening capacity (Emission λ 450/685 nm)
    Control 3.7 ± 0.39 a 5.9 ± 0.22 a
    UV-Exc 2.9 ± 0.28 a 6.1 ± 0.36 a *** ***
    Shade 2.0 ± 0.18 b 3.8 ± 0.34 b
Chlorophyll content (Emission λ 685/730 nm-1)
    Control 1.6 ± 0.05 a 2.0 ± 0.03 a
    UV-Exc 1.5 ± 0.06 a 1.9 ± 0.08 a *** ***
    Shade 1.5 ± 0.04 a 1.7 ± 0.05 b
UV-VIS reflectance (%)
    Control 5 ± 0.82 a 4.7 ± 0.96 a
    UV-Exc 5.1 ± 0.92 a 5.1 ± 0.99 a
    Shade 5.2 ± 0.97 a 4.8 ± 0.86 a
UV-VIS transmission (%)
    Control 2.6 ± 0.24 a 1.6 ± 0.27 a
    UV-Exc 2.6 ± 0.37 a 1.7 ± 0.26 a **
    Shade 3.1 ± 0.33 a 2.5 ± 0.40 a
UV-VIS absorption (%)
    Control 92.4 ± 1.01 a 93.7 ± 1.22 a
    UV-Exc 92.3 ± 1.25 a 93.2 ± 1.23 a
    Shade 91.7 ± 1.24 a 92.8 ± 1.19 a
P-value (int)High Low
Phosphorus availability P-value          
(Phosphorus)
P-value 
(Light)
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5.5 Discussion 
Recently, solar UV has received attention as a promoter of photoprotection and 
photosynthesis (Wargent et al., 2011; Davey et al., 2012; Wargent et al., 2015; 
Ch.2Salter et al., 2016; Ch.4Salter et al., 2016), regulated by the UVB specific 
photoreceptor UVR8 (Brown et al., 2005; Jenkins, 2009). It has been suggested that 
these responses will provide increased tolerance to other factors (Wargent & Jordan, 
2013). My results are perhaps the first evidence of exposure to ambient solar UV 
increasing tolerance of sunflower to low P availability. 
5.5.1 Exposure to UV increases photosynthetic resilience with reduced P 
supply 
Solar UV could potentially influence the availability of soil P as allocation of biomass 
to roots increases with exposure to UVB irradiance (Bussell et al., 2012; Robson et 
al., 2015). In the present study total leaf P content was unaffected by solar UV, albeit 
leaf P content strongly reflected P supply.  Exposure to solar UV, however, helped 
buffer photosynthetic rates to the effects of P supply since plants shielded from UV 
showed much slower rates of photosynthesis when P supply was also reduced (Fig 
4a). This affect was likely associated with limitations to photosynthetic electron 
transport and RuBP regeneration caused by Pi availability (Lin et al., 2009) following 
reduced ATP synthesis (Frydenvang et al., 2015) and relative availability of NADP+ 
(Jacob & Lawlor, 1993). While intense light and UV radiation can cause direct photo-
damage to photosynthetic reaction centres, exposure to UVB radiation has been 
shown to stimulate turnover and repair of damaged D1 proteins of PSII (Greenberg 
et al., 1989; Wilson & Greenberg, 1993; Xu & Gao, 2010). Under UV exclusion this 
cue for repair is removed and may also be partly responsible for observed reductions 
in net photosynthesis under low P supply.  Hence, paradoxically, oxidative stress and 
photo-damage may also impair photosynthesis in plants grown without UV if P supply 
is also limited. Disruption to the PSII and PSI light reactions and the electron 
transport chain, can result in heightened production of ROS (Asada, 2006; Lin et al., 
2009). I observed no difference in concentrations of alpha-tocopherol, a lipo-soluble 
antioxidant, with P supply when UV was excluded; this increase relative to reduced 
Jmax for P-limited plants suggesting increased oxidative stress (Mallet et al., 1994).  
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5.5.2 Shade and triose phosphate utilisation 
Plants grown under shade conditions had reduced photosynthetic rates, consistent 
with the literature (Boardman, 1977). I also found photosynthesis to be limited by 
rates of triose phosphate utilisation. Generally, limited availability of triose 
phosphates does not limit photosynthesis (Sharkey et al., 1986). There are instances 
of triose phosphate limitation when turnover of triose phosphate to starch, sucrose 
and Pi is too slow to maintain sufficient Pi for other biochemical reactions of 
photosynthesis (Sharkey, 2010). In this study all photosynthetic parameters were 
measured at a PFD  of 2398 µmol m-2 s-1, considerably more than the growth PFD of 
shade plants (447 µmol m-2 s-1).  Light reactions of photosynthesis were seemingly 
able to adjust to greater light intensity whilst photosynthate export did not. 
It was clear that plants grown under shade were less sensitive to P stress than those 
grown under UV exclusion.  I found no effect of P availability on photosynthetic 
properties in shade plants. This could be due to reduced requirement for free Pi in 
photosynthesis due to limitation by other factors, notably the export of photosynthate. 
Plants grown under shaded conditions also had greater foliar P concentrations than 
those grown with UV excluded, possibly because they were still in receipt of some 
solar UV (Robson et al., 2015). It would be interesting to further investigate the 
photomorphogenic responses of plants to UV in low light systems, as it has also 
been suggested that the benefits of UV to photosynthesis will be heightened when 
visible light is limiting (Gao & Xu, 2008). 
5.5.3 Phospholipids are substituted according to P supply and UV 
The replacement of phospholipids with P-free lipids has been well documented as a 
strategy to tolerate low Pi availability (Andersson et al., 2003; Li et al., 2006; 
Ch.3Salter et al., 2016) however the influence of spectral quality on membrane 
composition is almost unknown. My results (Figure 5.7) showed a clear relation 
between membrane composition and altered P-supply.  Phospholipid concentrations 
were reduced in leaves under low P conditions, consistent with current literature 
(Andersson et al., 2003; Jouhet et al., 2004; Li et al., 2006; Lambers et al., 2012).  
However, I did not find the usual corresponding increases in galactolipid 
concentrations (Andersson et al., 2003; Jouhet et al., 2004; Li et al., 2006; Lambers 
et al., 2012). Rather, overall lipid biosynthesis was reduced in sunflower under low P 
conditions with only minor increases in sulfolipid concentrations. Sulfolipids are 
particularly important in chloroplast membranes, to which they are confined. Small 
increases in overall sulfolipid concentrations can translate to large increases in their 
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concentrations in photosynthetic membranes (Benning, 1998), and could be crucial 
to maintaining high photosynthetic rates.  
I also found that spectral quality influenced membrane composition. Membranes of 
plants grown with UV contained proportionally less phospholipids than those 
screened from UV, with constitutively greater concentrations of carbon-based 
galactolipids. By definition, plants with faster rates of carbon assimilation produce 
greater quantities of sugars (Smith & Stitt, 2007) that can be used for de novo 
syntheses of glycerols (Bates & Browse, 2012) and in turn galactolipids (Botte et al., 
2011). Considering that plants grown under UV have increased photosynthetic 
capacity, both in this study and in recent reports (Davey et al., 2012; Wargent et al., 
2015), it is reasonable to speculate that they can commit more photosynthate to 
MGDG and DGDG biosynthesis rather than phospholipids, in the process conserving 
P for other uses. 
5.5.4 Photoprotection promoted under low P supply 
Exposure to solar UV promotes accumulation of photoprotective screening 
compounds (Bassman et al., 2004; Wargent et al., 2011; Ch.2Salter et al., 2016; 
Ch.4Salter et al., 2016). In the present study, the effects of P supply may have been 
just as important.  When Pi was limiting, light environment was less important to 
synthesis of such compounds, with significantly greater epidermal screening capacity 
found in plants grown with low P. The accumulation of anthocyanins has been widely 
reported as a symptom of foliar P deficiency (Jiang et al., 2007; Lei et al., 2011; 
Hernandez & Munné-Bosch, 2015). The primary role of these compounds is to 
dissipate excess UV and visible light before it reaches the mesophyll, however they 
also have a secondary roles as non-enzymatic antioxidants (Gould, 2004). 
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5.6 Conclusion 
Phosphorus availability will considerably limit global agricultural productivity in the 
future (Cordell et al., 2009). The responses of sunflower to solar UV are promising 
with regard to future food production in this era of decreasing P supply as they 
suggest modifying the spectral environment of horticultural crops could increase 
photosynthetic carbon gain and stress tolerance under low P conditions. 
Sunflowers grown under solar UV maintained faster photosynthetic rates regardless 
of P availability, whilst those grown under UV exclusion showed limitations to net 
photosynthesis and photosynthetic electron transport when P supply was more 
limited. Replacement of phospholipids with non-phospholipids was found in all plants 
under these conditions. Inherently smaller concentrations of phospholipids were 
found in plants exposed to UV, freeing Pi for metabolic use. These results suggest 
that exposure to solar UV confers photosynthetic resilience to low Pi supply. 
Considering benefits to photosynthetic capacity and increased photoprotection have 
also been reported in crop species in response to UV (Wargent et al., 2011; Wargent 
et al., 2015), my results add to the list of plant responses to UV that could be 
exploitable in the context of sustainable agriculture. 
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6 Acclimation and adaptation to P availability and light 
intensity by three herbaceous sub-alpine Australian 
species 
 
6.1 Summary 
Native plants exhibit an array of physiological responses that facilitate their coping 
with nutrient and radiation stress. I used a P-addition experiment, and a study at two 
sites varying in long-term Pi availability, to investigate both short-term acclimation 
and long-term adaptation of three sub-alpine Australian herbs to Pi availability and 
light level. Analyses of foliar P, membrane lipid composition and ascorbate redox 
state were used to elucidate biochemical processes, whilst in situ photosynthetic 
measurements were used to determine how these affected productivity. Shade and 
exogenous P application both stimulated acclimation responses in Pi uptake, leaf 
lipid biochemistry and foliar ascorbate content in all studied species. Photosynthetic 
biochemistry and carbon gain were unaffected. Long-term adaptation responses 
were also clear, albeit more variable among species. Ubiquitous acclimation 
strategies may prevent the disadvantage of any one species after a disturbance, 
whilst species-specific adaptation responses permit niche partitioning and successful 
cohabitation among species. 
 
6.2 Introduction 
Low phosphate availability limits growth and development of plants. In agricultural 
systems, phosphorus deficiency is alleviated by adding rock phosphate or bird-
derived (guano) forms of P fertiliser. However these natural reserves are predicted to 
be exhausted within the coming century (Cordell et al., 2009). Many plants 
indigenous to Australian ecosystems exhibit adaptations that minimise phosphorus 
stress (Wang et al., 1996; McKenzie et al., 2004), traits that could be selected for in 
agricultural crops to reduce reliance on supplemental P in the future. 
Plants acquire phosphorus as inorganic phosphate (Pi) from the soil solution but 
uptake is often limited as Pi is easily immobilised (forming insoluble complexes with 
organic matter or mineral cations such as Al and Fe). In some systems Pi can also 
leach from the rooting zone (Manning, 2008) or be restricted in its availability by 
acidic conditions (e.g. sub-alpine ecosystems, Schachtman, et al., 1998; Dakora & 
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Phillips, 2002). P is found in many forms in plants cells; in nucleic acids (~31% of leaf 
organic P), in plant metabolites (~26%), in membrane phospholipids (~17%) and as 
free orthophosphate (Pi) in the cytosol (~26%) (Lambers et al., 2012; Veneklaas et 
al., 2012). Under low Pi supply, leaf concentrations of free orthophosphate are often 
considerably reduced (Bollons & Barraclough, 1999), inhibiting phosphorylation of 
photosynthetic intermediates (particularly ADP to ATP) and limiting photosynthesis 
(Ellsworth et al., 2015). Decreased P availability therefore leaves plants highly 
susceptible to photodamage (see Chapter 1.4.1).  
Plants adopt a range of strategies to grow in nutrient poor soils and maintain 
adequate cytosolic free Pi. Whilst plants acquire additional Pi by producing roots with 
dense branching and symbiotic mycorrhizal associations (Karandashov & Bucher, 
2005; Jiang et al., 2007), total concentrations of P in soils remain a serious limitation. 
Plants from P-limited ecosystems also optimise internal use of P. Replacing 
phospholipids with galactolipids and sulfolipids to increase cytosolic Pi is now a well-
documented response to low P conditions in both crop plants and native species 
(Härtel et al., 2001; Andersson et al., 2003; Gaude et al., 2004; Lambers et al., 2012; 
Ch.3Salter et al., 2016; Ch.5Salter et al., 2016). Replacement with carbon-based 
galactolipids may also provide an extra sink for photosynthate, potentially increasing 
photosynthetic efficiency under low P conditions through sink regulation (Paul & 
Foyer, 2001).  
Plants both adapt and acclimate to P-limitation and light stress. Acclimation 
responses are key to tolerating short-term fluctuations in the environment, i.e. 
sudden changes in light level or P fertilisation, and depend on the phenotypic 
plasticity of a given genotype, allowing expression of multiple phenotypes depending 
on environmental conditions (Magyar et al., 2007). Adaptation strategies are 
genotype-specific and vary according to long-term trends in environmental conditions 
(Prasad & Rengel, 1998), i.e. growth aspect or natural soil P availability.  
This study investigates both acclimation and adaptation responses to Pi availability 
and light in herbaceous sub-alpine plants of southeastern Australia. I hypothesised 
that short-term responses would be consistent among species whilst long-term 
responses would be more species-specific due to a higher degree of genetic control. 
I further hypothesised that Pi availability would affect leaf P content and phospholipid 
concentrations; whilst light level would influence foliar antioxidant levels. Laboratory 
analyses of leaf P content, leaf membrane lipids and leaf ascorbate redox state were 
used to determine biochemical strategies used to tolerate short- and long-term P 
stress and light limitation in three native Australian perennial herbs; Stylidium 
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graminifolium, Ranunculus graniticola, and the Asteraceae species Microseris 
lanceolata (short-term) and C. jamesii (long-term). In situ photosynthetic 
measurements were used to determine how short-term responses in biochemistry 
affected productivity. 
 
6.3 Materials and methods 
6.3.1 Acclimation experiment  
I established a field experiment in the Snowy Mountains region of NSW (36°12’57” S, 
148°33’10” E) at an altitude of ~1330 m above sea level in native sub-alpine 
grassland with limited soil phosphorus availability Ch.3(Salter et al., 2016). Three 
herbaceous species were studied: granite buttercup (Ranunculus graniticola 
Melville), grass trigger plant (Stylidium graminifolium Sw. ex Willd.) and yam daisy 
(Microseris lanceolata (Walp.) Sch.Bip.), all species being native to the region and 
common in sub-alpine Australian ecosystems.  
Ten plots (3 m x 5 m) were established with 50 kg P ha-1 super phosphate 
(SuPerfect; Incitec Pivot Fertilisers, Southbank, VIC, Australia) applied to 5 plots 
(‘high P’) in March and September 2014 to increase availability of inorganic 
phosphate (Pi). The remaining plots received no additional P (‘low P’).  In September 
2014 two light treatments were established using screens (1 m x 1 m) with 
contrasting transmissions of sunlight; reducing transmission by 35% (‘control’, 
Aluminium screen; Cyclone Tools Pty Ltd., Dandenong South, VIC, Australia) and 
reducing transmission by 75% (‘shade’, Coolaroo 439675; Gale Pacific Ltd., Braeside 
VIC, Australia) (Figure 6.1). One control and one shade screen were set up in each 
plot, yielding a fully factorial experimental design. 
Photosynthetic measurements were taken on clear, sunny days in March 2015 
(midday visible PFD = 1700 PFD µmol photon m-2 s-1). The youngest fully expanded 
leaves (all formed under treatment conditions) were used for all analyses. Samples 
for biochemical analyses were collected upon completion of photosynthetic 
measurements. 
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Figure 6.1 Transmission spectra of short-term growth treatment filters; sunlight (thick 
black), control (light grey), and shade (dark grey). Spectra were measured using a 
spectral radiometer (USB2000+UV-VIS; Ocean Optics, Inc., Dunedin, FL, USA). 
Values shown are total photon flux densities for the visible and UV waveband (λ 280 
- 700 nm). 
 
6.3.2 Adaptation site descriptions 
I examined long-term responses of plants to light environment and P availability at 
the Snowy Plains in NSW (‘SP’; 36°06’35” S, 148°31’20” E), and the Dargo High 
Plains in Victoria (‘DHP’; 37°06’52” S, 147°13’01” E). Climate (Table 1) and dominant 
vegetation type (sub-alpine eucalypt grassy woodland) were consistent between 
sites. Three herbaceous species were studied: grass trigger plant (Stylidium 
graminifolium Sw. ex Willd.), granite buttercup (Ranunculus graniticola Melville) and 
the green billy button (Craspedia jamesii J. Everett & Joy Thomps.). Species chosen 
reflected those used in the short-term experiment, with C. jamesii and M. lanceolata 
both members of the Asteraceae. 
The two sites differed strongly in soil phosphorus availability due to sedimentary 
parent material at SP (low P site) and basaltic parent material at the DHP (high P 
site) (Table 6.1; Ch.3Salter et al., 2016). To determine effects of long-term light 
availability, three 150 m long transects were established on north (‘N-aspect’) and 
south facing (‘S-aspect’) slopes at each study site, based on modelled net radiation 
data for each slope (July mean daily values; SP N-aspect = 57 ± 3 W m-2 s-1; SP S-
aspect = 32 ± 1 W m-2 s-1; DHP N-aspect = 57 ± 7 W m-2 s-1; DHP S-aspect = 24 ± 5 
W m-2 s-1; January mean daily values; SP N-aspect = 229 ± 1 W m-2 s-1; SP S-aspect 
= 226 ± 1 W m-2 s-1; DHP N-aspect = 236 ± 1 W m-2 s-1; DHP S-aspect = 224 ± 5 W 
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m-2 s-1) (Data from CSIRO Land and Water, 2000; analysed in freely available QGIS, 
version 2.12.1, http://www.qgis.org/). 
Leaf samples for biochemical analyses were collected on clear sunny days in March 
2015. 
 
 
Table 6.1 Climate and soil properties of the long-term Snowy Plains and Dargo High 
Plains sites. Data from Ch.3Salter et al. (2016). 
 
6.3.3 Plant phosphorous 
Foliar P concentrations were analysed spectrophotometrically using a modified 
method of DeMott et al. (1998), as described previously (Ch.5Salter et al. 2016).  
6.3.4 Membrane lipids 
Membrane lipids were extracted and analysed from homogenised fresh plant 
material as described by Ch.5Salter et al. (2016).  Lipids were grouped as follows for 
statistical analyses: phospholipids (20 phosphatidylcholine [PC], 13 
phosphatidylglycerol [PG], 14 phosphatidylinositol [PI], 23 phosphatidylethanolamine 
[PE], 12 phosphatidic acid [PA], 26 phosphatidylserine [PS], five 
lysophosphatidylglycerol [LysoPG], six lysophosphatidylcholine [LysoPC] and five 
lysophosphatidylethanolamine [LysoPE] species); galactolipids (16 
monogalactosyldiacylglycerol [MGDG] and 16 digalactodiacylglycerol [DGDG] 
species) and sulfolipids (16 sulfoquinovosyl diacylglycerols [SQDG] species). 
 
 
P - value
Climate variables
Min. temp. (°C) -3.2 ± 0.4 -3.6 ± 0.2
Max. temp (°C) 21.4 ± 0.7 22.4 ± 0.6
Total annual rainfall (mm) 552 ± 31 651 ± 62
Altitude
Soil properties
Inorganic P (mg P kg-1 DW) 6.3 ± 0.5 9.2 ± 1.1 *
Organic P (mg P kg-1 DW) 3.4 ± 1.3 0.2 ± 0.1 *
Carbon content (% DW) 16.3 ± 0.4 9.6 ± 0.9 ***
Nitrogen content (% DW) 1.2 ± 0.1 0.7 ± 0.1 ***
C : N ratio 13.3 ± 0.2 14.2 ± 0.3
Sulfur content (% DW) 0.12 ± 0.01 0.08 ± 0.01 **
Dry bulk density (g cm-3) 0.70 ± 0.02 0.47 ± 0.02 ***
Moisture holding capacity (% water DW-1) 78 ± 4 109 ± 6 **
pH 4.0 ± 0.1 3.8 ± 0.1
Site
Dargo High PlainsSnowy Plains
1514 1540
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6.3.5 Foliar ascorbate concentration 
Ascorbate contents were analysed spectrophotometrically as per Haberer et al. 
(2007) and as described by Ch.2Salter et al. (2016). 
6.3.6 Photosynthesis 
Photosynthetic measurements were made in situ using two recently calibrated 
infrared gas analysers (IRGA) (LI6400; Li-Cor Inc., Lincoln, NE, USA). Each IRGA 
was fitted with an LED light source (6400-02B; Li-Cor Inc., Lincoln, NE, USA). Light 
saturated rates of photosynthesis (Asat) and stomatal conductance (gs) were made 
using the following chamber conditions: PAR of 2000 µmol photons m-2 s-1, CO2 
concentration 400 ppm, RH at 50 - 60% and flow rate of 500 µmol m-2 s-1. Leaves 
stabilised in the leaf chamber for 5 min prior to measurement. 
A/Ci curves were made using step-wise reductions in CO2 concentration (2000 - 50 
ppm) in 11 steps over 22 min; all other chamber conditions remained the same as for 
measurements of Asat. Maximum rates of Rubisco carboxylase activity (Vcmax), 
electron transport (Jmax) and triose phosphate utilisation (TPU) were calculated as per 
Sharkey et al. (2007). 
6.3.7 Statistical analyses 
Photosynthesis, leaf phosphorus, ascorbate and lipid classes were analysed 
statistically using three-way ANOVAs, with post-hoc Fisher’s least significant 
difference (LSD) tests to identify significantly different means between species, P 
treatments and light treatments (SPSS Statistics Ver. 21; IBM Australia Ltd., St 
Leonards, NSW, Australia). Membrane lipid data were normalised by sum, scaled 
based on the mean and standard deviation, and then the composition analysed using 
a partial least squares - discriminant analysis (PLS-DA) (Metaboanalyst 3.0; Xia et 
al., 2015). 
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6.4 Results 
6.4.1 Acclimation - plant P 
Application of exogenous P increased foliar concentrations of phosphorus for all 
three studied species (P < 0.001, F = 26.1) (Figure 6.2a). Leaf P concentrations were 
77% greater in R. graniticola, 66% greater in M. lanceolata and 33% greater in S. 
graminifolium from plots with added P as compared to the same species grown in 
control plots. Leaf P concentrations also varied considerably among species, with 
concentrations in S. graminifolium ~50% lower than the other two species (P < 0.05, 
F = 19.8). Leaf P concentration was unaffected by light treatment (P > 0.05). 
 
 
Figure 6.2 Leaf phosphorus concentrations from (a) the short-term experiment and 
(b) the long-term study for the three studied species. Black = high P/DHP; grey = low 
P/SP. Dashed bars = control/N-aspect; filled bars = shade/S-aspect. Values are 
means ± SE (short term n = 4; long term n = 12). P-values are presented for 
significant factors and interactions only (* = P < 0.05, ** = P < 0.01, *** = P < 0.001). 
Lower case superscript letters indicate significantly different means between species 
by post-hoc Fisher’s LSD test.  
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6.4.2 Acclimation - membrane lipids 
Proportional concentrations of phospholipids in leaf membranes were on average 
1.7% less in plants grown in control plots than those grown in P fertilised plots (P < 
0.01, F = 14.2) (Figure 6.3a), with concomitant increases in the proportion of 
galactolipids (P < 0.01, F = 13.7) (Figure 6.3b), sulfolipids were unaffected by P 
availability (P > 0.05) (Figure 6.3c). Molar concentrations of the four most abundant 
phospholipid classes were significantly increased after P application (PC, P < 0.01, F 
= 10.4; PG, P < 0.01, F = 10.2; PE, P < 0.01, F = 11.0; PI, P < 0.01, F = 10.2; Table 
S 6.1), whilst molar concentrations of galactolipid and sulfolipid classes were 
unaffected (P > 0.05; Table S 6.1). The only lipid class affected by light intensity was 
MGDG, found at significantly greater concentrations in foliage of shade plants (P < 
0.05, F = 4.5; Table S 6.1).  
PLS-DA on membrane lipid composition clearly segregated between P treatments for 
all species studied (P < 0.05) (Figure 6.4). Light treatment had a significant effect on 
lipid composition under high P conditions (P < 0.05) but was less clear in low P 
plants (P > 0.05). 
Membrane lipids were also highly variable between species. Total membrane lipid 
concentrations were two-fold greater in R. graniticola and M. lanceolata than S. 
graminifolium (P < 0.001, F = 51.9) (Table S 6.1). Proportional concentrations of 
phospholipids were also inherently lower in S. graminifolium than the other two 
species (P < 0.001, F = 137.2) (Figure 6.3). 
6.4.3 Acclimation - ascorbate redox state 
Foliar concentrations of the antioxidant ascorbate increased in response to high light 
(P < 0.01, F = 9.5) and, to a lesser degree, to low P supply (P < 0.05, F = 4.4) 
(Figure 6.5a). On average, leaf ascorbate levels were 17% greater in control plants 
than shade plants. Ascorbate redox state was unaffected by light treatment (P > 
0.05) and responses to P supply were highly species-specific (P < 0.05, F = 3.5) 
(Figure 6.5b). Both the ascorbate concentration (P < 0.001, F = 70.3) and redox state 
(P < 0.01, F = 6.0) were variable between species, with increased concentrations yet 
lower redox states found in R. graniticola (Figures 6.5a and 6.5b). 
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Figure 6.3 Proportional concentrations of leaf membrane (a)(d) phospholipids, (b)(e) 
galactolipids and (c)(f) sulfolipids for the acclimation experiment (left) and the 
adaptation study (right) for the three studied species. Black = high P/DHP; grey = low 
P/SP. Dashed bars = control; filled bars = shade. Values are means ± SE 
(acclimation n = 4; adaptation n = 12). P-values are presented for significant factors 
and interactions only (* = P < 0.05, ** = P < 0.01, *** = P < 0.001). Lower case 
superscript letters indicate significantly different means between species by post-hoc 
Fisher’s LSD test. 
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Figure 6.4 PLS-DA score plots of the top 2 membrane lipid components for the 
acclimation experiment (left) and the adaptation study (right) for the three species 
studied. Symbols indicate individual replicates: r  = high P/DHP, control/N-aspect; È  
= high P/DHP, shade/S-aspect; Î  = low P/SP, control/N-aspect; ¯  = low P/SP, 
shade/S-aspect. Shaded areas represent 95% confidence intervals. Dark grey = high 
P/DHP; light grey = low P/SP. Dashed fill= control/N-aspect; solid fill = shade/S-
aspect. 
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Figure 6.5 (a)(c) Leaf concentrations of ascorbate and (c)(d) ascorbate redox state 
for the acclimation experiment (left) and the adaptation study (right). Black = high 
P/DHP; grey = low P/SP. Dashed bars = control/N-aspect; filled bars = shade/S-
aspect. Values are means ± SE (acclimation n = 4; adaptation n = 12). P-values are 
presented for significant factors and interactions only (* = P < 0.05, ** = P < 0.01, *** 
= P < 0.001). Lower case superscript letters indicate significantly different means 
between species by post-hoc Fisher’s LSD test. 
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6.4.4 Acclimation - photosynthesis 
Light saturated photosynthetic rates (Asat) were unaffected by Pi availability or light 
intensity in the studied species (P > 0.05) (Table 2). Rates of stomatal conductance 
(gs) (P > 0.05) (Table 6.2) were maintained under low P availability and shade 
growth, as were the maximum rates of major photosynthetic biochemical reactions (P 
> 0.05) (Table 6.2). Asat of R. graniticola and M. lanceolata were twice as fast as 
those of S. graminifolium (P < 0.001, F = 23.6), with gs showing a similar trend (P < 
0.001, F = 14.4) (Table 6.2). 
 
 
Table 6.2 Photosynthetic properties of plants from the acclimation experiment. 
Values are means ± SE (n = 4). P-values are from a three-way ANOVA (* = P < 0.05, 
** = P < 0.01, *** = P < 0.001), there was no interaction between treatments so these 
values are not shown. Lower case superscript letters indicate significantly different 
means between species by post-hoc Fisher’s LSD test. 
 
 
Photosynthetic 
property
P-value 
(species)
P-value 
(P)
P-value 
(light)
Asat (µmol m-2 s-1) *** NS. NS.
S. graminifoliuma 9.6 (0.9) 10.0 (1.6) 10.8 (1.3) 10.6 (1.8)
R.graniticolab 20.4 (2.0) 18.6 (2.9) 19.7 (0.7) 19.4 (1.1)
M. lanceolatac 15.1 (1.5) 14.9 (3.3) 13.6 (2.9) 10.3 (0.9)
gssat  (mol m-2 s-1)
S. graminifoliuma 0.39 (0.05) 0.34 (0.04) 0.35 (0.08) 0.38 (0.09) *** NS. NS.
R.graniticolab 0.68 (0.20) 0.71 (0.08) 0.72 (0.09) 0.78 (0.10)
M. lanceolatab 0.98 (0.11) 1.06 (0.37) 0.90 (0.10) 0.62 (0.02)
Amax (µmol m-2 s-1)
S. graminifoliuma 17.8 (1.0) 17.3 (1.1) 16.8 (2.0) 17.9 (2.3) *** NS. NS.
R.graniticolab 31.7 (2.2) 24.6 (2.8) 28.3 (1.6) 30.2 (2.8)
M. lanceolatac 25.3 (3.7) 22.9 (3.3) 20.3 (3.8) 15.9 (2.1)
Vcmax  (µmol m-2 s-1)
S. graminifoliuma 113 (15) 70 (5) 76 (8) 96 (18) *** NS. NS.
R.graniticolab 190 (29) 132 (13) 173 (5) 170 (16)
M. lanceolataa 103 (18) 113 (17) 79 (22) 73 (15)
Jmax  (µmol m-2 s-1)
S. graminifoliuma 112 (11) 97 (11) 97 (11) 113 (19) *** NS. NS.
R.graniticolab 189 (20) 160 (19) 176 (7) 171 (11)
M. lanceolataa 124 (15) 123 (26) 114 (23) 89 (12)
TPU  (µmol m-2 s-1)
S. graminifoliuma 7.5 (0.4) 7.5 (0.6) 7.3 (0.9) 8.1 (1.1) *** NS. NS.
R.graniticolab 12.6 (1.3) 10.3 (1.4) 10.7 (0.7) 11.3 (0.9)
M. lanceolataa 9.0 (1.1) 9.2 (1.4) 8.2 (1.2) 6.7 (0.8)
Values
High P Low P
ShadeControl Control Shade
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6.4.5 Adaptation - plant P 
Foliar concentrations of phosphorus were, on average, 55% greater on the DHP than 
on the SP (P < 0.001, F = 100.1) for R. graniticola and C. jamesii, whilst in S. 
graminifolium there was little difference between sites (interaction between Species 
and Site, P < 0.001, F = 22.1) (Figure 6.2b). Concentrations were also significantly 
greater in R. graniticola and C. jamesii than S. graminifolium (P < 0.001, F = 160.0). 
Aspect had no effect on leaf P concentrations (P > 0.05). 
6.4.6 Adaptation - membrane lipids 
Effects of long-term Pi limitation on membrane lipids were highly variable among 
species. Proportional concentrations of phospholipids were 2% greater in foliage of 
S. graminifolium on the DHP than on the SP; R. graniticola, on the other hand, had 
3% less phospholipids on the DHP than the SP (interaction between Species and 
Site, P < 0.001, F = 13.4) (Figure 6.3d). Galactolipids showed the reverse trend, 
reduced in concentration in S. graminifolium and increased in R. graniticola on the 
DHP (interaction between Species and Site, P < 0.001, F = 7.4) (Figure 6.3e). 
Proportional concentrations of leaf sulfolipids were decreased in all three species on 
the DHP (P < 0.001, F = 30.8) (Figure 6.3f). Aspect also had a significant influence 
on sulfolipid concentration, with significantly reduced sulfolipid fractions found in 
plants grown on N-facing slopes than those growing on S-facing slopes (P < 0.01, F 
= 10.9).  
Total leaf membrane lipid content was significantly greater in R. graniticola plants on 
the DHP than the SP, whilst in S. graminifolium and C. jamesii there was little 
difference between sites (site, P < 0.01, F = 10.2; interaction between Species and 
Site, P < 0.001, F = 19.4) (Table S 6.2). Membrane lipid content was also 
significantly greater in plants growing on S-facing slopes (P < 0.05, F = 5.9). 
PLS-DA on membrane lipid composition clearly segregated sites for all three species 
(P < 0.05), although differences were clearer in R. graniticola than the other two 
species (Figures 6.4d - 6.4f). Whilst clustering of plants grown on different aspects 
was apparent, overall differences between plants growing on N- and S-facing slopes 
were insignificant (P > 0.05). 
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6.4.7 Adaptation - ascorbate and redox state 
Ascorbate concentrations were, on average, 1.5 µmol g-1 FW greater in foliage on the 
SP than the DHP (P < 0.001, F = 29.0) (Figure 6.5c). Although concentrations also 
appeared to be greater in plants growing on northerly than southerly aspects, this 
was not significant (P > 0.05). Leaf ascorbate concentrations were significantly less 
in C. jamesii than the other studied species (P < 0.001, F = 76.5). 
Ascorbate redox state was greater in plants on the DHP than the SP (P < 0.001, F = 
25.7) (Figure 6.5d). S-facing plants generally had higher proportions of oxidised 
ascorbate within their leaves than those growing on N-facing slopes (P < 0.05, 6.6), 
although this differentiation was clearer in C. jamesii than S. graminifolium and R. 
graniticola (interaction between Species and Aspect, P < 0.05, F = 4.4). 
 
6.5 Discussion 
Only a handful of studies have investigated acclimation responses of native alpine 
plant species to P fertiliser application (Wang et al., 1996) and adaptation strategies 
adopted to tolerate long-term P stress (Bowman et al., 2003; Ch.3Salter et al., 2016). 
This study is unique in considering both short and long-term adaptive strategies of 
three native sub-alpine species to Pi availability, whilst also considering the effects of 
light intensity. The study species showed uniform biochemical responses to short-
term changes in P availability and light, whilst adaptation responses to long-term 
environmental cues were variable among species. 
6.5.1 Pi uptake 
Applying exogenous P significantly increased foliar concentrations of phosphorus in 
all study species (see also Wang et al. 1996). Turnover of phosphate in sub-alpine 
ecosystems is slow due to cooler climates that restrict litter decomposition (Arnesen 
et al., 2007) and mineralisation of organic P (Vance et al., 2003). Sudden increases 
in Pi content do however follow fires as Pi is directly deposited to the soil as ash, and 
increased soil temperature and moisture content that follow short-term removal of 
vegetation promote microbial mineralisation of Pi from immobile pools (Dijkstra & 
Adams, 2015). From an ecological point of view it is understandable that herbaceous 
perennial species native to fire-prone ecosystems should have the capacity to rapidly 
increase Pi acquisition (Anderson & Menges, 1997), as this will increase their 
competitive advantage during regeneration. 
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Although total soil phosphorus concentrations were similar between the two long-
term study sites, partitioning amongst soil P fractions differed, with larger pools of  
inorganic P and smaller pools of organic P in soils on the DHP than the SP (Table 
6.1; Ch.3Salter et al., 2016). Inorganic P is readily available to plant roots whilst 
organic P requires mineralisation before uptake is possible (Vance et al., 2003). 
Previous work at these two sites found that leaf P content was linked closely to 
available Pi in forb and grass species Ch.3(Salter et al., 2016), suggesting minimal 
contribution of organic P to plant nutrition. The results suggest this is also the case 
for R. graniticola and C. jamesii. S. graminifolium on the other hand had similar 
concentrations of P in leaves at both sites, although these were inherently lower than 
the other two species. This suggests that under long-term P stress S. graminifolium 
relies less on P acquisition strategies than the other two species, more dependent on 
the efficient distribution of P amongst in planta P fractions (Veneklaas et al., 2012). 
6.5.2 Membrane lipids 
It is well established that plants can use membrane phospholipids to buffer internal 
phosphate supply when uptake from the soil is limited (for review see Veneklaas, 
2012). Phospholipid contents increased with exogenous P addition in all study 
species, suggesting the adjustment of membrane lipid composition in response to P 
availability is dynamic (Tjellstrom et al., 2008) and common to herbaceous plants of 
sub-alpine Australia. This response could be universal in plants due to evolutionary 
conserved Pi responsive genes (Oropeza-Aburto et al., 2012), responsible for 
phospholipase synthesis, although further work is needed to identify whether these 
genes are found in native plant species. Increased concentrations of P-free lipids 
have been reported in crop species under low P conditions (Hartel et al., 2000), 
however my results suggest this not to be the case for herbaceous native plants; with 
similar molar concentrations of galactolipids and sulfolipids in leaves irrespective of P 
additions (Table S 6.1). This suggests that in native plants, regulation of galactolipid 
and sulfolipid biosynthesis may be controlled by more long-term trends in P 
availability (Lambers et al., 2012; Ch.3Salter et al., 2016). 
Long-term differences in P availability did influence lipid composition although P 
allocation strategies were highly species specific. S. graminifolium replaced 
phospholipids with galactolipids in foliage on the SP, as would be expected under 
low Pi supply (Lambers et al., 2012; Ch.3Salter et al., 2016). On the other hand, R. 
graniticola leaves on the DHP had lower proportional concentrations of phospholipids 
than leaves on the SP, although this was due to increased molar concentrations of 
DGDGs on the DHP rather than reductions in the concentration of phospholipids 
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(Table S 6.2). It could be that this species increases synthesis of carbon-based 
galactolipids when P is less limiting, due to increased photosynthetic capacity and 
altered photoassimilate partitioning (Paul & Foyer, 2001; Ch.5Salter et al., 2016). 
Phospholipids and galactolipids were relatively unaffected by P availability in leaves 
of M. lanceolata, suggesting this species does not use phospholipid replacement to 
economise internal P use. This does not mean that M. lanceolata does not adopt P 
use strategies at all under low P conditions however further work is needed to 
determine whether P savings are made by other means, such as more efficient RNA 
use (Sulpice et al., 2014) or recycling Pi in photorespiration (Ellsworth et al., 2015). 
Increased concentrations of sulfolipids were found in foliage of all studied species on 
the SP. Sulfolipids are only found in the chloroplast membranes of photosynthetic 
organisms (Benning, 1998), so small increases in the sulfolipid fraction of a whole 
leaf can equate to large increases of this fraction in chloroplast membranes. 
Long-term trends in light intensity influenced concentrations of membrane lipids, 
whilst short-term acclimation to shade did not. Leaves of plants growing on N-aspect 
slopes had lower concentrations of membrane lipids than those growing on S-aspect 
slopes. A similar response was found in sunflower plants grown from seed under 
shade conditions Ch.5(Salter et al., 2016). This could be due to increased lipid 
peroxidation by ROS in N-aspect plants (Triantaphylides et al., 2008) or due to a 
higher number of cellular organelles, particularly chloroplasts, in the leaves of S-
aspect plants (Shao et al., 2014), but further work is needed to elucidate this 
response. 
6.5.3 Oxidative stress 
Reduced Pi availability can increase susceptibility of plants to photo-oxidative 
damage (Hernández & Munné-Bosch, 2015). Accordingly, to alleviate oxidative 
stress ascorbate accumulates in leaves of plants grown with limited P (Zhang et al., 
2014). In the short-term experiment, ascorbate accumulated in response to both 
increased light and decreased Pi supply whereas long-term P stress increased the 
concentration of ascorbate in leaves but growth aspect (a proxy for light intensity) did 
not. Previous work at these sites identified increases in the foliar concentration of the 
liposoluble antioxidant alpha-tocopherol in leaves of herbaceous species on the SP 
Ch.3(Salter et al., 2016), suggesting a suite of antioxidants are upregulated in 
response to low Pi supply in native sub-alpine plants of Australia. In the short-term 
the redox state of ascorbate was relatively unaffected by Pi supply or light intensity. 
In the long-term however a higher proportion of ascorbate was in its oxidised form in 
foliage on the DHP and in plants growing on southerly aspects, suggesting 
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heightened oxidative stress (Smirnoff, 2011). This also implies that increased 
concentrations of ascorbate found on the SP help alleviate foliar oxidative stress. 
6.5.4 Photosynthesis 
By definition, fertiliser use invariably results in faster CO2 assimilation rates and yield 
increases in crop species (Li et al., 2011). However in natural systems physiological 
responses to fertiliser use are variable. Shane & Lambers (2005) reported symptoms 
of P toxicity in native plants of Western Australia when exogenous P was applied to 
the soil, with marked reductions in photosynthetic rate. Whilst the study species 
clearly took up exogenous Pi there was no discernable effect on photosynthetic 
capacity, consistent with the literature (Crous et al., 2015). A possible explanation for 
this is that, unlike crop species, native plants have difficulty downregulating Pi uptake 
(Shane et al., 2004), even if the plant is already at maximum photosynthetic capacity, 
i.e. the supply of Pi outweighs demand. 
Previous work at these study sites highlighted that the productivity of plants on the 
SP was much lower than that of the DHP, regardless of internal P use strategies 
Ch.3(Salter et al., 2016). When considered with the results of the current study, it 
seems plausible that plants of low P ecosystems, such as the SP, may have evolved 
to have inherently lowered photosynthetic capacities, reducing their reliance on Pi 
from the soil (Murchie & Niyogi, 2011), whilst also decreasing their susceptibility to 
photodamage. Unlike crop species that have been bred for fast growth and maximum 
carbon assimilation, native plants do not need to grow fast, rather they need to 
ensure that they survive long enough to reproduce (Murchie & Niyogi, 2011) and 
conservative use of limited nutrients is one way to achieve this.  
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6.6 Conclusion 
Despite clear demonstrations of phenotypic plasticity to short term changes in Pi 
availability and light intensity in three sub-alpine herbs for Pi uptake, leaf lipid 
composition and antioxidant biochemistry, photosynthetic biochemistry and carbon 
gain were unaffected. When considered together with previous work Ch.3(Salter et al., 
2016) this suggests a possible down regulation of photosynthetic capacity at the 
genetic level in response to long term P limitation. Long-term adaptations to acquire 
and partition P with reduced Pi and increased light were also clear, albeit more 
variable between species: R. graniticola and C. jamesii seemed to rely more heavily 
on effective Pi acquisition, whilst S. graminifolium relied on more efficient distribution 
of P among plant P fractions. The universal nature of plant acclimation responses to 
P application and shade prevent any one species being at a disadvantage, whilst 
species-specific adaptation responses permit niche partitioning among species. 
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7 General discussion 
 
7.1 Introduction 
The aims of this thesis, as detailed in the previous chapters, were 1) to characterise 
the extent to which solar UV imposes a cost or benefit to native sub-alpine Australian 
plants and domesticated horticultural species, 2) to elucidate the roles of solar UV in 
photochemistry, photoprotection and plant development, 3) to characterise the extent 
to which native generalist plant species adapt to long term Pi availability, by 
modification of lipid biosynthesis and regulation of photosynthesis, 4) to determine 
whether exposure to solar UV increased tolerance of plants to low Pi availability, and 
5) to investigate the temporal plasticity of plant responses to Pi availability and 
intense solar radiation. 
This final chapter will summarise findings and discuss their implications in the context 
of global environmental change and future food security. It will also consider 
methodological limitations and constraints, and highlight research perspectives for 
the future. 
 
7.2 The Australian environment 
Australia contains many examples of environmental extremes. Australia receives 
more solar radiation per square metre than any other continent (Bahadori & Nwaoha, 
2013) and proportional contributions of solar UV are also very high, putting both 
indigenous Australian plant species and introduced agricultural crops at considerable 
risk of direct photodamage and oxidative stress. Ancient, weathered soils with low 
phosphorus availability can potentially aggravate this stress by limiting the amount of 
energy that can be processed in photosynthesis, by inhibiting the phosphorylation of 
photosynthetic intermediates. Throughout this thesis I have shown that indigenous 
and agricultural plants can adapt to these conditions primarily via upregulating 
photoprotection and altering lipid biochemistry. These responses help to alleviate 
potential negative effects on photosynthesis in sunflower plants bred for maximum 
productivity (Chapters 4 and 5). In native plants on the other hand, these adaptive 
responses were insufficient to maintain photosynthesis (Chapters 2, 3 and 5). From 
an ecological and evolutionary perspective this is understandable; evolution will first 
favour strategies that mitigate stress and enable survival and reproduction rather 
than strategies that purely maximise carbon gain (Murchie & Niyogi, 2011). Sub-
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alpine ecosystems have a reduced growth season such that plants exhibit 
accelerated development rather than capacity for increased rates of carbon gain and 
rapid growth (Mullen & Schmidt, 1993). Results presented in this thesis suggest that 
this adaptation regulates photosynthesis under the low P conditions common to 
native sub-alpine ecosystems rather than providing direct Pi limitation to 
photosynthetic biochemistry. 
It is unclear how global change will influence nutrient availability in natural 
ecosystems. Warming trends will potentially increase availability of Pi due to 
heightened microbial mineralisation of organic P, whilst more frequent drought 
events may well do the opposite (Sardans & Penuelas, 2012). How global change 
will influence terrestrial solar radiation in the future is also uncertain due to the large 
number of variables controlling diffusion of radiation in the atmosphere (Salby, 2012), 
as well as natural cycles of global dimming and brightening (Wild, 2009). Regardless, 
findings presented here that sub-alpine plants cope well with intense light and limited 
Pi supply, suggest neither will limit plant function under current projections for global 
climate change.  
 
7.3 Advantages, limitations and constraints 
7.3.1 Native plants 
Studying native plants in situ allows characterisation of adaptations to long-term 
environmental stress. Treatments applied in the field facilitate assigning a cost or 
benefit to any adaptations. Identifying adaptations and understanding responses of 
indigenous plants to environmental change is required to predict changes in native 
ecosystem composition in the future and may also be useful to identify potential traits 
to transpose to crop species. This thesis has shown that native plants adequately 
protect their photosynthetic machinery against solar UV radiation (Chapter 2) and 
modify lipid and antioxidant biosynthesis to mitigate the impact of long-term Pi stress 
on plant function (Chapters 3 and 6). While there is speculation about underlying 
signal-transduction pathways for both responses, very little is actually known about 
most genetically determined traits of native plants. Instead, many assumptions about 
native species are based on studies using model plants, such as Arabidopsis 
thaliana. 
The inherent diversity of native plants limits the usefulness of genetic techniques 
such that native species whose stress responses (physiology, anatomy, 
biochemistry) have been studied extensively (e.g. Proteaceae growing in the Pi 
 140 
impoverished soils of south western Australia Shane et al., 2004; Lambers et al., 
2012; Ellsworth et al., 2015), have rarely been studied from a genetic point of view. 
Linking phenotypic responses to genomic and proteomic traits in native plants will be 
crucial if they are to be utilised in future crop species. Some progress has been 
made in this area in recent years, but is limited to native species that are closely 
related to economically viable crops. A lack of genetic diversity in modern, cultivated 
Triticaceae (wheat, barley, rye) varieties has led breeders to investigate the genetics 
of wild relatives to prevent future yield losses and drops in quality (for review see 
Feuillet et al., 2007). A major drawback to incorporating genetic resources from 
native plant lines into conventional breeding programs is the high frequency of 
introgressed alien fragments (originating from interspecific hybridisation), carrying 
extra genes with a potential negative impact on desired traits. The removal of these 
alien fragments is at present a tedious and time consuming process and can limit 
exploitation of native plant genetics in agriculture (Feuillet et al., 2007). Technological 
advances in genome sequencing and genetic modification (GM) would accelerate 
this process and would also open the door to the genomic exploration of more native 
species, such as those studied in this thesis. Public opinion with respect to GM 
technologies will also need to change for further advances in this area and for native 
plant traits to be truly beneficial to future food security. 
7.3.2 Screening experiments 
Spectral screens were used extensively in this study (Chapters 2, 4, and 5) to assess 
plant responses to solar UV in situ for both natural ecosystems and controlled 
environments. Screening particular wavebands from natural insolation offers some 
significant advantages over experiments employing supplemental UV lighting. First, 
they do not require any artificial light sources and thus provide a more reliable 
representation of the effects of natural UV insolation. Secondly, they are cheap and 
easy to set up. They can therefore be used in natural and often remote ecosystems 
(Chapter 2). There are however a number of methodological constraints that must be 
considered. 
Whilst useful in clarifying the influence of ambient solar UV on plants in situ, UV 
exclusion treatments create a somewhat artificial light environment. Attenuation of 
solar UV by clouds and overstory vegetation can reduce radiative loads, albeit that 
seldom are plants fully protected from UV, at least not when visible and infrared 
wavelengths remained at saturating levels. A more realistic scenario might be partial 
exclusion of solar UV, offering a low UV treatment rather than complete UV 
exclusion. Recent work has highlighted that plant responses to UV in environments 
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such as vegetation canopy may be much more complex than those found under full 
sunlight, involving multiple photoreceptors, including phytochromes (shade 
perception) and UVR8 (UV perception) (Mazza & Ballare, 2015). Future work may 
therefore seek to further investigate ‘UV shading’ and plant responses to UV in more 
‘patchy’ light environments. Another limitation of UV exclusion screens is that plant 
responses to above-ambient levels of UV cannot be assessed. To extrapolate results 
from UV exclusion studies to ozone depletion scenarios, we must assume that plant 
responses to UV are linear (Flint et al., 2003). Although further work is required, this 
assumption is probably not justified.  More likely is a threshold at which UV becomes 
universally damaging to plant cells. 
The use of UV exclusion screens also modifies the microclimate of plants under 
treatment. Firstly, screens interfere with normal precipitation patterns. Previous 
studies have attempted to overcome this by perforating filters (Searles et al., 2001), 
however this can result in the collection of water atop the screens. In the present 
study the use of relatively small screens minimised interference with precipitation 
whilst setting screens at an angle allowed for water run off. Secondly, UV exclusion 
filters can reduce transmission of longer wavelength visible and infrared wavebands. 
To overcome these issues extra attention must be paid to the use of appropriate 
controls. In this thesis clear plastic screens were always used with similar 
transmissions of visible and infrared light as UV exclusion filters. 
7.3.3 Fluorescence emission 
The use of UV-excited fluorescence emission techniques allows fast, non-destructive 
estimates of leaf biochemical and physiological properties to be made in the field 
(e.g. epidermal UV screening, in vivo chlorophyll content, photosynthetic efficiency, 
Lenk & Buschmann, 2006). The advantages of this technology are clear: in the past 
researchers would have to take samples to the laboratory for quantification of these 
properties, whereas now they can assess them rapidly in the field without 
degradation. There are also practical applications of this technology, particularly in 
the diagnosis of plant disease (Burling et al., 2011b) and early identification of plant 
stress (Burling et al., 2011a). Nonetheless, whilst the use of red/far-red chlorophyll 
fluorescence techniques is now well established in plant ecophysiological studies, 
there is less understanding of emission fluorophores in the blue and green regions 
and so the use of blue-green fluorescence (BGF) techniques has been limited. 
Identifying individual chemical fluorophores, or even groups of chemicals, from leaf 
emission spectra is difficult due to overlapping emission peaks. BGF arises from 
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vacuolar and cell wall bound flavonoids and phenolic acids, as well as more minor 
signals from NADPH and carotenes (Lang et al., 1991). The mixed signal nature of 
BGF emission leave the spectra open to interpretation. In this study the use of peak 
ratios for biological assumptions (chlorophyll content and epidermal UV screening), 
increased reliability in results. At present BGF emission techniques are sufficient for 
broad speculative estimates of leaf properties, however further research is required 
to increase robustness of BGF measurements.  
7.3.4 Lipid analyses 
It is clear from the results presented in Chapters 3, 5 and 6 that one of the main 
strategies to ensure efficient distribution of in planta P resources under low Pi supply 
is the modification of lipid biosynthesis. This strategy was first reported in 
prokaryotes (Minnikin et al., 1974).  Recent technological advances have made it 
much easier to analyse the lipidome of higher plants. While membrane lipids are the 
main focus in this thesis, functions and roles of lipids in plants are wide ranging, from 
acting as stress signalling molecules (Okazaki & Saito, 2014) to functioning as long-
term cellular energy stores (Lin et al., 2008). Lipidomics is thus a promising approach 
to understanding plant responses to environmental stress.  As this technology 
develops, and methodological issues are resolved, many more meaningful biological 
conclusions can be drawn. 
One of the main issues for analytical lipidomics is the lack of standardisation, both 
with regard to extraction of lipids and analytical procedures. The efficiency and 
reproducibility of extraction processes needs to be tested using a variety of species 
with different leaf types. This assessment is particularly important for native 
Australian species with schlerophyllous leaves that may require longer extraction 
times or stronger extraction solvents. As lipid degradation is most likely during the 
extraction process, simplifying this stage of lipid analysis will help to minimise risks of 
spurious results. Due to large variability in plant leaf types, and large numbers and 
complexity of lipid species it may be difficult to completely standardise extraction 
processes.   
A large number of techniques have been used to analyse lipids, with older studies 
opting for thin layer chromatography (TLC) and nuclear magnetic resonance (NMR) 
techniques, whilst more recent studies have used mass spectrometry (MS) based 
methods, due to their higher sensitivity and specificity.  There are however still a 
large number of different MS techniques used to analyse plant lipids.  In this thesis 
ultra performance liquid chromatography with quadrupole time of flight MS (UPLC 
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QTOF-MS) (Chapter 3), and electrospray ionisation MS (ESI-MS) (Chapters 5 and 6) 
were used to analyse membrane lipids. Although MS methods are powerful and very 
accurate, the scope of lipids that can be analysed is still fairly limited, and variable 
across analytical techniques. Targeted lipid analyses are useful in quantifying molar 
concentrations of specific known lipid compounds - usually the most abundant - but 
are limited to a relatively small number of compounds. Untargeted analyses, on the 
other hand, aim to detect all lipid species simultaneously.  These are less useful 
quantitatively (Li et al., 2014). The complicated structure of some lipids, such as 
saccharolipids, make their detection by either MS approach difficult, and detection of 
these compounds will require further development of analytical techniques. 
Reproducibility of analyses protocols is again critical and cross-validation of 
extraction and MS analyses techniques between different laboratories should be 
considered more in future work. 
As with most novel ‘omics’ technologies, lipidomic methods generate a vast quantity 
of data and as such data processing can be almost as complex as its acquisition. 
Further to this, current understanding of lipidomic pathways is limited preventing 
meaningful biological information being drawn from data. Developments are being 
made in this area, with more open access to online MS libraries (such as the Golm 
Metabolome Database, www.gmd.mpimp-golm.mpg.de) and free online data 
processing platforms (such as Spectconnect, www.spectconnect.mit.edu; and 
Metaboanalyst, www.metaboanalyst.ca) now available. Increased use of these open-
access data analysis resources will advance the field of lipidomics, and enhance 
general understanding of the plant lipidome and its responsiveness to environmental 
stress. 
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7.4 Major conclusions and future research 
Incorporating all facets of studies comprising this thesis allows us to conclude that 
the capacity of native or domesticated plants to respond to light quantity and quality, 
and soil Pi availability are all highly regulated but not necessarily ubiquitous in 
strength or nature of response: 
 Solar UV has a significant carbon cost for native sub-alpine Australian 
species adapted to intense light environments. Alternatively exposing 
domesticated sunflower (Helianthus annuus) to solar UV enhances 
photosynthetic performance and increases foliar energy content; 
 Solar UV promotes leaf photoprotection in native and domesticated species, 
with increased optical screening of UV in the epidermis and upregulation of 
leaf antioxidant systems; 
 Whilst native plants from phosphorus-limited Australian ecosystems liberate 
internal P by substituting other lipids for phospholipids in membranes it is 
insufficient to maintain rates of photosynthesis comparable to that of plants 
from non-phosphorus-limited Australian ecosystems; 
 Exposure to solar UV plays a role in mitigating the negative impacts of low P 
supply on photosynthesis in H. annuus, by promoting partitioning of 
photosynthate to lipid biosynthesis; 
 Native sub-alpine plants show phenotypic plasticity in P uptake, leaf lipid 
biochemistry and antioxidant capacity after short-term changes in Pi 
availability and light level, although photosynthesis was unaffected 
suggesting it is controlled genetically in response to long term Pi stress. 
 
The work presented in this thesis raised many additional research questions 
regarding the role of solar UV in plant physiology and development. That UV 
promotes photoprotection was clear among all species studied in this thesis, whether 
native or horticultural. Solar UV also alleviated potential negative effects of low Pi 
supply in H. annuus, suggesting promising potential applications in agricultural 
species, particularly those that are traditionally propagated inside before being 
transplanted to the field. We could test whether increased photoprotection and 
antioxidant biochemistry explains this co-protection using a model plant species.  
The UVR8 photoreceptor was identified in Arabidopsis thaliana and is responsible for 
upregulating photoprotection in response to UVB fluxes (Brown et al., 2005). Work 
with Arabidopsis mutants deficient in the UVR8 protein would help to clarify whether 
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this photoreceptor is also responsible for enhanced photosynthetic resilience under 
low P conditions. Further exploration of potential UV-photoreceptive signalling 
components would also be beneficial. 
Chapter 6 highlighted acclimation and adaptation responses to Pi availability and light 
level. In the context of global environmental change more work such as this, that 
considers the temporal plasticity of plant responses to stress, will be crucial in 
predicting future changes in ecosystem composition and productivity. Many studies 
have focussed on short-term plant responses whilst those to more long-term stress 
have often not been considered. Long-term experiments are increasing in popularity, 
in a large part thanks to networking schemes such as the Nutrient Network 
(www.nutnet.umn.edu) and FLUXNET (www.fluxnet.ornl.gov). These networks 
provide guidelines for setting up long-term study sites worldwide investigating 
grassland ecology and ecosystem level gas fluxes respectively, and promote 
standardisation of experimental techniques between different laboratories. Further 
development of networks such as these will advance our understanding of long-term 
stress responses, and help to predict future changes in natural ecosystems. 
If native plant traits of environmental stress tolerance are to be truly beneficial with 
regards to food security an increased knowledge base of native plant genetics will be 
required. In the past decade genotyping and phenotyping technologies have 
advanced making them much more accessible and economically feasible (for review 
see Poland & Rife, 2012), however to this point they have rarely been used in the 
study of native species. The results presented in this thesis offer big opportunities for 
such technologies, together with omics techniques, to be used in future work, for 
example, finding quantitative trait loci (QTL) constituting P-use strategies between 
two sites differing in long-term Pi availability. Once identified these QTLs could 
potentially be used in crop species to allow growth in nutrient poor locations, not 
currently suitable for arable agriculture. 
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Appendix - Chapter 3 
Table S 3.1 Individual membrane lipid compounds analysed for G. antrorsum. 
Integrated signals are given for the DHP site followed by normalised integrated 
signals for the DHP and the SP. Values are means ± SE (n = 3). P-values indicate 
significantly different means between sites from an unpaired t-test.
 
Identified compound RT (min) m/z of main fragment P-value
Phospholipids
PC_34:1 4.417 761 0.77643 ± 0.13363 0.43 ± 0.48 -0.43 ± 0.65
PC_34:2 4.160 759 5.05127 ± 0.56782 -0.61 ± 0.39 0.61 ± 0.56
PC_34:3 3.947 757 4.58063 ± 0.18972 0.23 ± 0.53 -0.23 ± 0.71
PC_34:4 3.707 755 0.07440 ± 0.01522 0.05 ± 0.73 -0.05 ± 0.54
PC_34:5 3.523 753 0.02660 ± 0.00712 0.74 ± 0.50 -0.74 ± 0.19 <0.05
PC_34:6 3.335 751 0.02433 ± 0.00700 0.73 ± 0.49 -0.73 ± 0.26
PC_36:1 4.839 789 0.01717 ± 0.01023 -0.55 ± 0.69 0.55 ± 0.23
PC_36:2 4.535 787 0.19317 ± 0.05149 -0.78 ± 0.40 0.78 ± 0.25 <0.05
PC_36:3 4.248 785 1.08867 ± 0.23791 0.20 ± 0.50 -0.20 ± 0.74
PC_36:4 3.995 783 4.98413 ± 0.87296 -0.27 ± 0.63 0.27 ± 0.61
PC_36:5 3.786 781 7.00390 ± 0.71173 0.29 ± 0.40 -0.29 ± 0.77
PC_36:6 3.602 779 2.47917 ± 0.03422 0.47 ± 0.46 -0.47 ± 0.63
PC_38:2 4.999 815 0.00870 ± 0.00522 -0.79 ± 0.42 0.79 ± 0.17 <0.05
PC_38:3 4.603 813 0.07023 ± 0.01024 0.41 ± 0.41 -0.41 ± 0.70
PE_34:1 4.543 719 0.05563 ± 0.00984 0.59 ± 0.41 -0.59 ± 0.56
PE_34:2 4.268 717 1.17130 ± 0.17238 -0.15 ± 0.83 0.15 ± 0.34
PE_34:3 4.042 715 0.64443 ± 0.03299 -0.04 ± 0.47 0.04 ± 0.78
PE_36:2 4.676 745 0.02103 ± 0.00829 -0.75 ± 0.51 0.75 ± 0.14 <0.05
PE_36:3 4.363 743 0.05423 ± 0.00810 0.21 ± 0.25 -0.21 ± 0.85
PE_36:4 4.091 741 0.62667 ± 0.09478 -0.41 ± 0.71 0.41 ± 0.40
PE_36:5 3.881 739 0.39417 ± 0.04224 -0.40 ± 0.38 0.40 ± 0.73
PE_36:6 3.684 736 0.11197 ± 0.00800 -0.50 ± 0.20 0.50 ± 0.74
PG_34:1 4.152 767 0.04720 ± 0.00331 0.47 ± 0.56 -0.47 ± 0.55
PG_34:2 3.920 765 0.08577 ± 0.01091 0.73 ± 0.53 -0.73 ± 0.10
PG_34:3 3.723 763 0.07280 ± 0.01357 0.49 ± 0.58 -0.49 ± 0.50
PG_34:4 3.648 761 0.33507 ± 0.03828 0.06 ± 0.15 -0.06 ± 0.90
PI_34:2 3.819 853 0.04560 ± 0.00642 0.59 ± 0.63 -0.59 ± 0.31
PI_34:3 3.647 851 0.05227 ± 0.00296 0.37 ± 0.30 -0.37 ± 0.78
lysoPC_16:0 1.887 496 0.00953 ± 0.00046 0.27 ± 0.40 -0.27 ± 0.78
lysoPC_18:2 1.675 520 0.00820 ± 0.00101 0.14 ± 0.18 -0.14 ± 0.88
Galactolipids
MGDG_34:1 4.782 775 0.00907 ± 0.00226 -0.72 ± 0.13 0.72 ± 0.54
MGDG_34:2 4.502 773 0.08910 ± 0.00892 -0.75 ± 0.48 0.75 ± 0.17 <0.05
MGDG_34:3 4.256 771 0.12550 ± 0.00566 -0.83 ± 0.24 0.83 ± 0.31
MGDG_34:4 3.995 769 0.06763 ± 0.00874 -0.89 ± 0.11 0.89 ± 0.14 <0.001
MGDG_34:5 3.779 767 0.07500 ± 0.01423 -0.79 ± 0.27 0.79 ± 0.37 <0.05
MGDG_34:6 3.598 765 2.07087 ± 0.50330 -0.44 ± 0.58 0.44 ± 0.55
MGDG_36:4 4.305 797 0.06273 ± 0.00830 0.18 ± 0.65 -0.18 ± 0.62
MGDG_36:5 4.071 795 0.33953 ± 0.04501 -0.24 ± 0.51 0.24 ± 0.72
MGDG_36:6 3.856 793 6.86030 ± 0.32428 0.39 ± 0.76 -0.39 ± 0.32
DGDG_34:0 4.736 939 0.00017 ± 0.00012 -0.61 ± 0.09 0.61 ± 0.67
DGDG_34:2 4.152 935 0.05753 ± 0.00420 -0.85 ± 0.11 0.85 ± 0.31 <0.01
DGDG_34:3 3.945 933 0.61777 ± 0.03209 -0.78 ± 0.25 0.78 ± 0.39 <0.05
DGDG_34:4 3.702 931 0.02373 ± 0.00726 -0.66 ± 0.62 0.66 ± 0.15
DGDG_34:5 3.522 929 0.01533 ± 0.00253 -0.79 ± 0.17 0.79 ± 0.43 <0.05
DGDG_34:6 3.342 927 0.13390 ± 0.04617 -0.40 ± 0.72 0.40 ± 0.39
DGDG_36:2 4.546 963 0.00097 ± 0.00022 -0.88 ± 0.17 0.88 ± 0.18 <0.01
DGDG_36:3 4.309 961 0.01650 ± 0.00199 -0.88 ± 0.24 0.88 ± 0.06 <0.01
DGDG_36:4 3.995 959 0.03440 ± 0.00196 -0.83 ± 0.10 0.83 ± 0.36 <0.05
DGDG_36:5 3.786 957 0.07830 ± 0.00515 -0.81 ± 0.17 0.81 ± 0.39
DGDG_36:6 3.602 955 3.44693 ± 0.17655 0.70 ± 0.51 -0.70 ± 0.29
Sulfolipids
SQDG_34:1 4.003 839 0.00860 ± 0.00103 0.69 ± 0.34 -0.69 ± 0.50
SQDG_34:2 3.797 837 0.02183 ± 0.00332 -0.66 ± 0.20 0.66 ± 0.60
SQDG_34:3 3.628 835 0.20343 ± 0.01078 -0.16 ± 0.27 0.16 ± 0.86
SQDG_36:3 3.925 863 0.00260 ± 0.00131 -0.62 ± 0.28 0.62 ± 0.61
SQDG_36:4 3.668 861 0.01077 ± 0.00221 0.43 ± 0.34 -0.43 ± 0.73
SQDG_36:5 3.492 859 0.02197 ± 0.00223 -0.52 ± 0.18 0.52 ± 0.73
SQDG_36:6 3.318 857 0.09817 ± 0.01231 -0.35 ± 0.15 0.35 ± 0.83
Glucosylceramides ± ± ±
GlcCer_d18:1/h16:0 3.984 717 0.00003 ± 0.00003 -0.53 ± 0.03 0.53 ± 0.74
GlcCer_t18:1/h16:0 3.749 733 0.00033 ± 0.00033 -0.73 ± 0.11 0.73 ± 0.53
GlcCer_t18:1/h22:0 4.942 817 0.01983 ± 0.00319 0.64 ± 0.22 -0.64 ± 0.62
GlcCer_t18:1/h24:0 5.415 845 0.10133 ± 0.01017 0.78 ± 0.19 -0.78 ± 0.43 <0.05
GlcCer_t18:1/h24:1 4.955 843 0.00000 ± 0.00000 -0.38 ± 0.03 0.38 ± 0.83
GlcCer_t18:1/h26:0 5.912 873 0.00960 ± 0.00147 0.39 ± 0.21 -0.39 ± 0.80
GlcCer_t18:1/h26:1 5.416 871 0.00003 ± 0.00003 0.49 ± 0.76 -0.49 ± 0.10
Glucuronosyldiacylglycerols
GlcADG_34:2 4.126 787 0.00153 ± 0.00107 -0.75 ± 0.31 0.75 ± 0.42 <0.05
GlcADG_34:3 3.929 785 0.00000 ± 0.00000 -0.58 ± 0.00 0.58 ± 0.70
GlcADG_36:5 3.777 809 0.00000 ± 0.00000 -0.61 ± 0.01 0.61 ± 0.68
DHP IS Normalized IS of DHP
Normalized IS of 
SP
 II 
Table S 3.2 Individual membrane lipid compounds analysed for R. graniticola. 
Integrated signals are given for the DHP site followed by normalised integrated 
signals for the DHP and the SP. Values are means ± SE (n = 3). P-values indicate 
significantly different means between sites from an unpaired t-test. 
 
  
Identified compound RT (min) m/z of main fragment P-value
Phospholipids
PC_34:1 4.417 761 1.33977 ± 0.03999 -0.14 ± 0.16 0.14 ± 0.89
PC_34:2 4.160 759 7.23870 ± 0.54381 0.36 ± 0.02 -0.36 ± 0.84
PC_34:3 3.947 757 8.21457 ± 0.75925 -0.18 ± 0.15 0.18 ± 0.88
PC_34:4 3.707 755 0.16573 ± 0.01945 0.76 ± 0.41 -0.76 ± 0.28 <0.05
PC_34:5 3.523 753 0.05563 ± 0.00582 0.83 ± 0.12 -0.83 ± 0.35 <0.05
PC_34:6 3.335 751 0.06510 ± 0.00756 0.79 ± 0.16 -0.79 ± 0.44 <0.05
PC_36:1 4.839 789 0.02977 ± 0.00159 -0.37 ± 0.31 0.37 ± 0.77
PC_36:2 4.535 787 0.26040 ± 0.01876 0.23 ± 0.24 -0.23 ± 0.85
PC_36:3 4.248 785 1.06670 ± 0.06417 -0.08 ± 0.24 0.08 ± 0.88
PC_36:4 3.995 783 5.74273 ± 0.34856 0.42 ± 0.08 -0.42 ± 0.81
PC_36:5 3.786 781 9.59497 ± 0.77993 0.83 ± 0.07 -0.83 ± 0.37 <0.05
PC_36:6 3.602 779 3.73193 ± 0.23466 -0.07 ± 0.04 0.07 ± 0.91
PC_38:2 4.999 815 0.03457 ± 0.00228 0.72 ± 0.32 -0.72 ± 0.47
PC_38:3 4.603 813 0.04237 ± 0.00365 0.38 ± 0.12 -0.38 ± 0.82
PE_34:1 4.543 719 0.04333 ± 0.00032 0.31 ± 0.40 -0.31 ± 0.76
PE_34:2 4.268 717 1.95797 ± 0.20210 0.51 ± 0.16 -0.51 ± 0.74
PE_34:3 4.042 715 1.38330 ± 0.16965 0.45 ± 0.27 -0.45 ± 0.75
PE_36:2 4.676 745 0.02833 ± 0.00235 0.48 ± 0.16 -0.48 ± 0.76
PE_36:3 4.363 743 0.05077 ± 0.00774 -0.32 ± 0.33 0.32 ± 0.79
PE_36:4 4.091 741 0.74060 ± 0.06757 0.53 ± 0.16 -0.53 ± 0.72
PE_36:5 3.881 739 0.80167 ± 0.08530 0.86 ± 0.28 -0.86 ± 0.13 <0.01
PE_36:6 3.684 736 0.28763 ± 0.03061 -0.02 ± 0.13 0.02 ± 0.90
PG_34:1 4.152 767 0.03997 ± 0.00901 0.11 ± 0.77 -0.11 ± 0.48
PG_34:2 3.920 765 0.10627 ± 0.01236 0.14 ± 0.19 -0.14 ± 0.88
PG_34:3 3.723 763 0.39057 ± 0.06063 0.01 ± 0.46 -0.01 ± 0.79
PG_34:4 3.648 761 0.49017 ± 0.06635 -0.44 ± 0.36 0.44 ± 0.72
PI_34:2 3.819 853 0.04413 ± 0.00455 0.24 ± 0.30 -0.24 ± 0.83
PI_34:3 3.647 851 0.05960 ± 0.00662 -0.20 ± 0.28 0.20 ± 0.85
lysoPC_16:0 1.887 496 0.01470 ± 0.00191 -0.58 ± 0.33 0.58 ± 0.62
lysoPC_18:2 1.675 520 0.00650 ± 0.00181 0.00 ± 0.75 0.00 ± 0.51
Galactolipids
MGDG_34:1 4.782 775 0.03083 ± 0.00376 -0.74 ± 0.48 0.74 ± 0.23 <0.05
MGDG_34:2 4.502 773 0.24433 ± 0.00752 -0.21 ± 0.56 0.21 ± 0.69
MGDG_34:3 4.256 771 0.24713 ± 0.02079 -0.54 ± 0.15 0.54 ± 0.72
MGDG_34:4 3.995 769 0.23657 ± 0.02666 -0.42 ± 0.80 0.42 ± 0.10
MGDG_34:5 3.779 767 0.25183 ± 0.02475 -0.68 ± 0.11 0.68 ± 0.60
MGDG_34:6 3.598 765 6.28470 ± 0.53956 -0.48 ± 0.09 0.48 ± 0.77
MGDG_36:4 4.305 797 0.06223 ± 0.00412 -0.73 ± 0.28 0.73 ± 0.47
MGDG_36:5 4.071 795 0.13573 ± 0.00782 -0.45 ± 0.04 0.45 ± 0.79
MGDG_36:6 3.856 793 1.21947 ± 0.01098 -0.69 ± 0.12 0.69 ± 0.59
DGDG_34:0 4.736 939 0.00463 ± 0.00109 0.19 ± 0.47 -0.19 ± 0.76
DGDG_34:2 4.152 935 0.14753 ± 0.01510 -0.41 ± 0.11 0.41 ± 0.81
DGDG_34:3 3.945 933 1.08767 ± 0.11758 -0.76 ± 0.13 0.76 ± 0.49 <0.05
DGDG_34:4 3.702 931 0.04207 ± 0.00600 -0.54 ± 0.55 0.54 ± 0.49
DGDG_34:5 3.522 929 0.05020 ± 0.00988 0.15 ± 0.34 -0.15 ± 0.83
DGDG_34:6 3.342 927 0.45713 ± 0.09038 0.57 ± 0.38 -0.57 ± 0.60
DGDG_36:2 4.546 963 0.00113 ± 0.00064 -0.31 ± 0.33 0.31 ± 0.79
DGDG_36:3 4.309 961 0.06223 ± 0.00603 -0.75 ± 0.12 0.75 ± 0.51 <0.05
DGDG_36:4 3.995 959 0.09850 ± 0.00909 -0.14 ± 0.73 0.14 ± 0.53
DGDG_36:5 3.786 957 0.09160 ± 0.00449 -0.47 ± 0.07 0.47 ± 0.78
DGDG_36:6 3.602 955 2.48517 ± 0.17334 -0.62 ± 0.19 0.62 ± 0.64
Sulfolipids
SQDG_34:1 4.003 839 0.00357 ± 0.00188 -0.19 ± 0.71 0.19 ± 0.54
SQDG_34:2 3.797 837 0.00277 ± 0.00277 -0.56 ± 0.19 0.56 ± 0.70
SQDG_34:3 3.628 835 0.15723 ± 0.01824 -0.77 ± 0.16 0.77 ± 0.47 <0.05
SQDG_36:3 3.925 863 0.00193 ± 0.00061 -0.65 ± 0.09 0.65 ± 0.63
SQDG_36:4 3.668 861 0.00327 ± 0.00112 -0.53 ± 0.74 0.53 ± 0.09
SQDG_36:5 3.492 859 0.00227 ± 0.00117 -0.60 ± 0.46 0.60 ± 0.51
SQDG_36:6 3.318 857 0.03950 ± 0.00686 -0.81 ± 0.23 0.81 ± 0.34 <0.05
Glucosylceramides ± ± ±
GlcCer_d18:1/h16:0 3.984 717 0.02603 ± 0.00233 0.00 ± 0.16 0.00 ± 0.90
GlcCer_t18:1/h16:0 3.749 733 0.04767 ± 0.00429 -0.54 ± 0.12 0.54 ± 0.73
GlcCer_t18:1/h22:0 4.942 817 0.00933 ± 0.00108 -0.40 ± 0.26 0.40 ± 0.78
GlcCer_t18:1/h24:0 5.415 845 0.06177 ± 0.00588 -0.77 ± 0.07 0.77 ± 0.49 <0.05
GlcCer_t18:1/h24:1 4.955 843 0.00000 ± 0.00000 -0.45 ± 0.02 0.45 ± 0.79
GlcCer_t18:1/h26:0 5.912 873 0.00000 ± 0.00000 -0.41 ± 0.00 0.41 ± 0.81
GlcCer_t18:1/h26:1 5.416 871 0.00007 ± 0.00007 0.13 ± 0.81 -0.13 ± 0.41
Glucuronosyldiacylglycerols
GlcADG_34:2 4.126 787 0.00007 ± 0.00007 -0.46 ± 0.09 0.46 ± 0.78
GlcADG_34:3 3.929 785 0.00063 ± 0.00063 -0.43 ± 0.39 0.43 ± 0.70
GlcADG_34:4 3.714 783 0.00043 ± 0.00043 0.40 ± 0.82 -0.40 ± 0.02
GlcADG_36:6 3.602 807 0.00000 ± 0.00000 -0.42 ± 0.00 0.42 ± 0.81
DHP IS Normalized IS of DHP
Normalized IS of 
SP
 III 
Table S 3.3 Individual membrane lipid compounds analysed for P. costiniana. 
Integrated signals are given for the DHP site followed by normalised integrated 
signals for the DHP and the SP. Values are means ± SE (n = 3). P-values indicate 
significantly different means between sites from an unpaired t-test. 
 
 
  
Identified compound RT (min) m/z of main fragment P-value
Phospholipids
PC_34:1 4.417 761 1.09487 ± 0.11351 0.86 ± 0.29 -0.86 ± 0.06 <0.01
PC_34:2 4.160 759 5.79197 ± 0.37212 -0.49 ± 0.43 0.49 ± 0.64
PC_34:3 3.947 757 3.52210 ± 0.21869 -0.60 ± 0.59 0.60 ± 0.35
PC_34:4 3.707 755 0.01760 ± 0.00159 0.44 ± 0.51 -0.44 ± 0.61
PC_34:5 3.523 753 0.00010 ± 0.00010 -0.69 ± 0.16 0.69 ± 0.58
PC_34:6 3.335 751 0.00020 ± 0.00012 -0.14 ± 0.60 0.14 ± 0.67
PC_36:1 4.839 789 0.03077 ± 0.00770 0.75 ± 0.49 -0.75 ± 0.16 <0.05
PC_36:2 4.535 787 0.31717 ± 0.01889 0.65 ± 0.30 -0.65 ± 0.57
PC_36:3 4.248 785 1.09597 ± 0.17833 0.81 ± 0.39 -0.81 ± 0.13 <0.05
PC_36:4 3.995 783 4.47940 ± 0.27314 0.64 ± 0.48 -0.64 ± 0.44
PC_36:5 3.786 781 4.99693 ± 0.05524 -0.07 ± 0.64 0.07 ± 0.65
PC_36:6 3.602 779 1.58613 ± 0.13848 -0.32 ± 0.73 0.32 ± 0.44
PC_38:2 4.999 815 0.00263 ± 0.00263 0.41 ± 0.82 -0.41 ± 0.00
PC_38:3 4.603 813 0.05017 ± 0.00694 0.76 ± 0.51 -0.76 ± 0.03 <0.05
PE_34:1 4.543 719 0.01743 ± 0.00105 0.87 ± 0.14 -0.87 ± 0.25 <0.01
PE_34:2 4.268 717 0.86607 ± 0.05312 0.76 ± 0.24 -0.76 ± 0.45 <0.05
PE_34:3 4.042 715 0.26760 ± 0.02871 -0.07 ± 0.63 0.07 ± 0.66
PE_36:2 4.676 745 0.01163 ± 0.00080 0.81 ± 0.19 -0.81 ± 0.38 <0.05
PE_36:3 4.363 743 0.05177 ± 0.00475 0.88 ± 0.17 -0.88 ± 0.16 <0.01
PE_36:4 4.091 741 0.64260 ± 0.01897 0.79 ± 0.20 -0.79 ± 0.41 <0.05
PE_36:5 3.881 739 0.44780 ± 0.03129 0.46 ± 0.70 -0.46 ± 0.36
PE_36:6 3.684 736 0.09680 ± 0.01758 0.15 ± 0.77 -0.15 ± 0.47
PG_34:1 4.152 767 0.01273 ± 0.00773 -0.31 ± 0.73 0.31 ± 0.46
PG_34:2 3.920 765 0.16710 ± 0.02096 0.71 ± 0.49 -0.71 ± 0.30
PG_34:3 3.723 763 0.15687 ± 0.01712 0.85 ± 0.19 -0.85 ± 0.28 <0.01
PG_34:4 3.648 761 0.17080 ± 0.03200 -0.76 ± 0.48 0.76 ± 0.18 <0.05
PI_34:2 3.819 853 0.03557 ± 0.00561 0.80 ± 0.44 -0.80 ± 0.07 <0.05
PI_34:3 3.647 851 0.02333 ± 0.00199 0.74 ± 0.24 -0.74 ± 0.47 <0.05
lysoPC_16:0 1.887 496 0.00950 ± 0.00169 -0.80 ± 0.16 0.80 ± 0.42 <0.05
lysoPC_18:2 1.675 520 0.00497 ± 0.00064 -0.86 ± 0.09 0.86 ± 0.30 <0.01
Galactolipids
MGDG_34:1 4.782 775 0.02873 ± 0.00258 0.79 ± 0.16 -0.79 ± 0.43 <0.05
MGDG_34:2 4.502 773 0.19893 ± 0.01341 -0.30 ± 0.44 0.30 ± 0.74
MGDG_34:3 4.256 771 0.20937 ± 0.01257 -0.48 ± 0.26 0.48 ± 0.73
MGDG_34:4 3.995 769 0.05130 ± 0.00663 0.52 ± 0.69 -0.52 ± 0.31
MGDG_34:5 3.779 767 0.01183 ± 0.00081 -0.78 ± 0.20 0.78 ± 0.43 <0.05
MGDG_34:6 3.598 765 0.01150 ± 0.00640 -0.05 ± 0.44 0.05 ± 0.80
MGDG_36:4 4.305 797 0.36283 ± 0.07136 0.50 ± 0.69 -0.50 ± 0.33
MGDG_36:5 4.071 795 1.43997 ± 0.23704 0.49 ± 0.71 -0.49 ± 0.30
MGDG_36:6 3.856 793 6.48313 ± 0.49229 -0.65 ± 0.58 0.65 ± 0.28
DGDG_34:0 4.736 939 0.00033 ± 0.00024 -0.10 ± 0.50 0.10 ± 0.76
DGDG_34:2 4.152 935 0.33510 ± 0.04984 -0.53 ± 0.48 0.53 ± 0.57
DGDG_34:3 3.945 933 0.66903 ± 0.07768 -0.79 ± 0.32 0.79 ± 0.32 <0.05
DGDG_34:4 3.702 931 0.00183 ± 0.00087 -0.05 ± 0.61 0.05 ± 0.68
DGDG_34:5 3.522 929 0.00007 ± 0.00007 0.24 ± 0.88 -0.24 ± 0.07
DGDG_36:2 4.546 963 0.03707 ± 0.00378 0.73 ± 0.28 -0.73 ± 0.46
DGDG_36:3 4.309 961 0.06583 ± 0.01008 0.00 ± 0.70 0.00 ± 0.59
DGDG_36:4 3.995 959 0.21797 ± 0.04589 0.33 ± 0.78 -0.33 ± 0.33
DGDG_36:5 3.786 957 0.76560 ± 0.14296 0.60 ± 0.68 -0.60 ± 0.13
DGDG_36:6 3.602 955 2.95530 ± 0.15962 -0.67 ± 0.31 0.67 ± 0.54
Sulfolipids
SQDG_34:1 4.003 839 0.00200 ± 0.00110 -0.75 ± 0.41 0.75 ± 0.32 <0.05
SQDG_34:2 3.797 837 0.06033 ± 0.00818 -0.67 ± 0.37 0.67 ± 0.50
SQDG_34:3 3.628 835 0.20833 ± 0.01366 -0.87 ± 0.12 0.87 ± 0.24 <0.01
SQDG_36:3 3.925 863 0.01023 ± 0.00067 0.59 ± 0.14 -0.59 ± 0.69
SQDG_36:4 3.668 861 0.01567 ± 0.00355 -0.04 ± 0.80 0.04 ± 0.44
SQDG_36:5 3.492 859 0.07147 ± 0.00866 0.55 ± 0.68 -0.55 ± 0.26
SQDG_36:6 3.318 857 0.15607 ± 0.01316 0.21 ± 0.51 -0.21 ± 0.73
Glucosylceramides ± ± ±
GlcCer_d18:1/h16:0 3.984 717 0.00000 ± 0.00000 -0.43 ± 0.01 0.43 ± 0.80
GlcCer_t18:1/h22:0 4.942 817 0.02273 ± 0.00450 -0.38 ± 0.45 0.38 ± 0.70
GlcCer_t18:1/h24:0 5.415 845 0.05247 ± 0.01050 -0.86 ± 0.26 0.86 ± 0.16 <0.01
GlcCer_t18:1/h24:1 4.955 843 0.26647 ± 0.03311 -0.54 ± 0.38 0.54 ± 0.63
GlcCer_t18:1/h26:0 5.912 873 0.00163 ± 0.00092 -0.31 ± 0.46 0.31 ± 0.73
GlcCer_t18:1/h26:1 5.416 871 0.02757 ± 0.00269 0.53 ± 0.15 -0.53 ± 0.73
Glucuronosyldiacylglycerols
GlcADG_34:2 4.126 787 0.01273 ± 0.00058 -0.79 ± 0.10 0.79 ± 0.45 <0.05
GlcADG_34:3 3.929 785 0.00330 ± 0.00330 -0.85 ± 0.32 0.85 ± 0.10 <0.01
GlcADG_34:4 3.714 783 0.00010 ± 0.00006 0.43 ± 0.80 -0.43 ± 0.07
GlcADG_36:5 3.777 809 0.00000 ± 0.00000 -0.62 ± 0.00 0.62 ± 0.67
GlcADG_36:6 3.602 807 0.00000 ± 0.00000 -0.42 ± 0.00 0.42 ± 0.81
Integrated signals are given for the DHP site followed by normalized integrated signals for the DHP and the SP. 
P-values indicate significantly different means between sites from an unpaired t-test.
DHP IS Normalized IS of DHP
Normalized IS of 
SP
 IV 
Table S 3.4 Individual membrane lipid compounds analysed for P. hiemata. 
Integrated signals are given for the DHP site followed by normalised integrated 
signals for the DHP and the SP. Values are means ± SE (n = 3). P-values indicate 
significantly different means between sites from an unpaired t-test. 
 
  
Identified compound RT (min) m/z of main fragment P-value
Phospholipids
PC_34:1 4.417 761 0.60730 ± 0.07507 0.73 ± 0.52 -0.73 ± 0.16
PC_34:2 4.160 759 4.73177 ± 0.14512 0.07 ± 0.21 -0.07 ± 0.89
PC_34:3 3.947 757 3.07637 ± 0.32323 -0.54 ± 0.57 0.54 ± 0.47
PC_34:4 3.707 755 0.02533 ± 0.00419 -0.64 ± 0.10 0.64 ± 0.64
PC_34:5 3.523 753 0.00067 ± 0.00041 0.58 ± 0.71 -0.58 ± 0.00
PC_34:6 3.335 751 0.00000 ± 0.00000 -0.65 ± 0.01 0.65 ± 0.64
PC_36:1 4.839 789 0.00937 ± 0.00480 -0.05 ± 0.89 0.05 ± 0.19
PC_36:2 4.535 787 0.19157 ± 0.01800 -0.59 ± 0.60 0.59 ± 0.35
PC_36:3 4.248 785 1.01397 ± 0.12375 0.80 ± 0.37 -0.80 ± 0.23 <0.05
PC_36:4 3.995 783 3.55383 ± 0.27497 0.77 ± 0.27 -0.77 ± 0.41 <0.05
PC_36:5 3.786 781 3.84517 ± 0.22180 0.68 ± 0.59 -0.68 ± 0.16
PC_36:6 3.602 779 1.38590 ± 0.13192 -0.18 ± 0.56 0.18 ± 0.70
PC_38:2 4.999 815 0.00190 ± 0.00190 -0.02 ± 0.86 0.02 ± 0.31
PC_38:3 4.603 813 0.04720 ± 0.00864 0.82 ± 0.40 -0.82 ± 0.07 <0.05
PE_34:1 4.543 719 0.00833 ± 0.00163 0.73 ± 0.40 -0.73 ± 0.39
PE_34:2 4.268 717 0.63033 ± 0.02425 0.75 ± 0.21 -0.75 ± 0.48 <0.05
PE_34:3 4.042 715 0.22150 ± 0.02676 -0.04 ± 0.63 0.04 ± 0.66
PE_36:2 4.676 745 0.00510 ± 0.00025 -0.50 ± 0.33 0.50 ± 0.69
PE_36:3 4.363 743 0.06817 ± 0.00266 0.80 ± 0.21 -0.80 ± 0.39 <0.05
PE_36:4 4.091 741 0.49600 ± 0.02871 0.71 ± 0.17 -0.71 ± 0.54
PE_36:5 3.881 739 0.34230 ± 0.01487 0.59 ± 0.54 -0.59 ± 0.44
PE_36:6 3.684 736 0.07177 ± 0.00890 -0.23 ± 0.46 0.23 ± 0.75
PG_34:1 4.152 767 0.01683 ± 0.00290 0.38 ± 0.40 -0.38 ± 0.73
PG_34:2 3.920 765 0.12643 ± 0.00901 0.64 ± 0.43 -0.64 ± 0.48
PG_34:3 3.723 763 0.10723 ± 0.02591 0.18 ± 0.67 -0.18 ± 0.59
PG_34:4 3.648 761 0.12070 ± 0.02436 -0.67 ± 0.49 0.67 ± 0.37
PI_34:2 3.819 853 0.01707 ± 0.00165 0.22 ± 0.39 -0.22 ± 0.79
PI_34:3 3.647 851 0.01083 ± 0.00162 0.27 ± 0.33 -0.27 ± 0.81
lysoPC_16:0 1.887 496 0.01377 ± 0.00221 -0.63 ± 0.45 0.63 ± 0.48
lysoPC_18:2 1.675 520 0.00790 ± 0.00108 -0.29 ± 0.51 0.29 ± 0.70
Galactolipids
MGDG_34:1 4.782 775 0.05347 ± 0.01558 0.64 ± 0.60 -0.64 ± 0.25
MGDG_34:2 4.502 773 0.61883 ± 0.08581 0.86 ± 0.31 -0.86 ± 0.07 <0.01
MGDG_34:3 4.256 771 0.55560 ± 0.02852 0.64 ± 0.10 -0.64 ± 0.65
MGDG_34:4 3.995 769 0.05950 ± 0.01349 -0.57 ± 0.26 0.57 ± 0.66
MGDG_34:5 3.779 767 0.01877 ± 0.00139 0.22 ± 0.39 -0.22 ± 0.80
MGDG_34:6 3.598 765 0.00233 ± 0.00075 -0.44 ± 0.03 0.44 ± 0.80
MGDG_36:4 4.305 797 0.37360 ± 0.09592 0.30 ± 0.75 -0.30 ± 0.43
MGDG_36:5 4.071 795 1.13123 ± 0.33114 0.13 ± 0.74 -0.13 ± 0.52
MGDG_36:6 3.856 793 4.93270 ± 0.34386 -0.73 ± 0.20 0.73 ± 0.51
DGDG_34:0 4.736 939 0.00090 ± 0.00021 -0.79 ± 0.27 0.79 ± 0.36 <0.05
DGDG_34:2 4.152 935 0.36293 ± 0.01948 -0.15 ± 0.10 0.15 ± 0.90
DGDG_34:3 3.945 933 0.74117 ± 0.11249 -0.66 ± 0.63 0.66 ± 0.08
DGDG_34:4 3.702 931 0.00190 ± 0.00095 -0.58 ± 0.05 0.58 ± 0.70
DGDG_34:5 3.522 929 0.00003 ± 0.00003 -0.36 ± 0.25 0.36 ± 0.80
DGDG_34:6 3.342 927 0.00000 ± 0.00000 0.36 ± 0.62 -0.36 ± 0.56
DGDG_36:2 4.546 963 0.03270 ± 0.00621 -0.26 ± 0.39 0.26 ± 0.78
DGDG_36:3 4.309 961 0.06430 ± 0.01197 0.26 ± 0.75 -0.26 ± 0.46
DGDG_36:4 3.995 959 0.35807 ± 0.07169 0.34 ± 0.74 -0.34 ± 0.40
DGDG_36:5 3.786 957 0.55707 ± 0.17512 -0.66 ± 0.34 0.66 ± 0.53
DGDG_36:6 3.602 955 1.96283 ± 0.19352 ± ±
Sulfolipids
SQDG_34:1 4.003 839 0.00290 ± 0.00148 -0.26 ± 0.18 0.26 ± 0.86
SQDG_34:2 3.797 837 0.06170 ± 0.00184 -0.28 ± 0.16 0.28 ± 0.86
SQDG_34:3 3.628 835 0.19813 ± 0.03550 -0.60 ± 0.68 0.60 ± 0.11
SQDG_36:3 3.925 863 0.00490 ± 0.00159 -0.58 ± 0.38 0.58 ± 0.59
SQDG_36:4 3.668 861 0.02293 ± 0.00378 0.36 ± 0.38 -0.36 ± 0.75
SQDG_36:5 3.492 859 0.04843 ± 0.00841 0.31 ± 0.58 -0.31 ± 0.64
SQDG_36:6 3.318 857 0.09147 ± 0.02006 -0.48 ± 0.59 0.48 ± 0.51
Glucosylceramides ± ± ±
GlcCer_d18:1/h16:0 3.984 717 0.00000 ± 0.00000 -0.46 ± 0.02 0.46 ± 0.79
GlcCer_t18:1/h22:0 4.942 817 0.02170 ± 0.00321 -0.44 ± 0.27 0.44 ± 0.75
GlcCer_t18:1/h24:0 5.415 845 0.07223 ± 0.00725 -0.56 ± 0.37 0.56 ± 0.62
GlcCer_t18:1/h24:1 4.955 843 0.24933 ± 0.02832 -0.68 ± 0.38 0.68 ± 0.48
GlcCer_t18:1/h26:0 5.912 873 0.00087 ± 0.00087 -0.53 ± 0.24 0.53 ± 0.70
GlcCer_t18:1/h26:1 5.416 871 0.01933 ± 0.00250 0.26 ± 0.26 -0.26 ± 0.84
Glucuronosyldiacylglycerols
GlcADG_34:2 4.126 787 0.02517 ± 0.00587 0.03 ± 0.86 -0.03 ± 0.32
GlcADG_34:3 3.929 785 0.01793 ± 0.00458 -0.62 ± 0.49 0.62 ± 0.46
GlcADG_36:5 3.777 809 0.00247 ± 0.00128 0.23 ± 0.73 -0.23 ± 0.49
GlcADG_36:6 3.602 807 0.00320 ± 0.00057 -0.11 ± 0.37 0.11 ± 0.83
DHP IS Normalized IS of DHP
Normalized IS of 
SP
 V 
Table S 3.5 Individual membrane lipid compounds analysed for V. derwentiana. 
Integrated signals are given for the DHP site followed by normalised integrated 
signals for the DHP and the SP. Values are means ± SE (n = 3). P-values indicate 
significantly different means between sites from an unpaired t-test. 
 
 
Identified compound RT (min) m/z of main fragment P-value
Phospholipids
PC_34:1 4.417 761 2.16413 ± 0.23187 0.59 ± 0.55 -0.59 ± 0.42
PC_34:2 4.160 759 4.13250 ± 0.36140 -0.14 ± 0.44 0.14 ± 0.79
PC_34:3 3.947 757 2.99117 ± 0.38776 0.59 ± 0.49 -0.59 ± 0.50
PC_34:4 3.707 755 0.04260 ± 0.01156 -0.11 ± 0.77 0.11 ± 0.47
PC_34:5 3.523 753 0.00290 ± 0.00095 -0.42 ± 0.75 0.42 ± 0.32
PC_34:6 3.335 751 0.00027 ± 0.00022 0.09 ± 0.65 -0.09 ± 0.64
PC_36:1 4.839 789 0.08553 ± 0.01965 0.30 ± 0.85 -0.30 ± 0.12
PC_36:2 4.535 787 0.59210 ± 0.16483 0.47 ± 0.77 -0.47 ± 0.13
PC_36:3 4.248 785 1.80163 ± 0.20782 0.46 ± 0.61 -0.46 ± 0.49
PC_36:4 3.995 783 3.04607 ± 0.14821 -0.50 ± 0.66 0.50 ± 0.37
PC_36:5 3.786 781 2.91917 ± 0.34191 -0.58 ± 0.49 0.58 ± 0.50
PC_36:6 3.602 779 1.05000 ± 0.15641 0.47 ± 0.60 -0.47 ± 0.50
PC_38:2 4.999 815 0.06190 ± 0.00330 -0.26 ± 0.13 0.26 ± 0.87
PC_38:3 4.603 813 0.02457 ± 0.00142 0.28 ± 0.44 -0.28 ± 0.75
PE_34:1 4.543 719 0.03560 ± 0.00645 0.56 ± 0.62 -0.56 ± 0.37
PE_34:2 4.268 717 0.19563 ± 0.02079 -0.34 ± 0.34 0.34 ± 0.78
PE_34:3 4.042 715 0.07853 ± 0.01532 0.37 ± 0.78 -0.37 ± 0.30
PE_36:2 4.676 745 0.00963 ± 0.00963 0.06 ± 0.83 -0.06 ± 0.38
PE_36:3 4.363 743 0.18707 ± 0.02470 0.30 ± 0.66 -0.30 ± 0.55
PE_36:4 4.091 741 0.50200 ± 0.04024 -0.59 ± 0.50 0.59 ± 0.48
PE_36:5 3.881 739 0.28967 ± 0.03762 0.44 ± 0.69 -0.44 ± 0.41
PE_36:6 3.684 736 0.06507 ± 0.01361 -0.08 ± 0.66 0.08 ± 0.62
PG_34:1 4.152 767 0.05797 ± 0.00197 -0.47 ± 0.33 0.47 ± 0.71
PG_34:2 3.920 765 0.08037 ± 0.00644 -0.83 ± 0.34 0.83 ± 0.20 <0.05
PG_34:3 3.723 763 0.00277 ± 0.00277 -0.80 ± 0.08 0.80 ± 0.44 <0.05
PG_34:4 3.648 761 0.08760 ± 0.01177 -0.15 ± 0.48 0.15 ± 0.76
PI_34:2 3.819 853 0.02930 ± 0.00411 0.07 ± 0.80 -0.07 ± 0.43
PI_34:3 3.647 851 0.00933 ± 0.00154 0.41 ± 0.74 -0.41 ± 0.34
lysoPC_16:0 1.887 496 0.00780 ± 0.00156 0.67 ± 0.56 -0.67 ± 0.28
lysoPC_18:2 1.675 520 0.00317 ± 0.00058 0.60 ± 0.31 -0.60 ± 0.62
Galactolipids
MGDG_34:1 4.782 775 0.02213 ± 0.00784 -0.05 ± 0.54 0.05 ± 0.73
MGDG_34:2 4.502 773 0.08580 ± 0.00831 -0.76 ± 0.13 0.76 ± 0.48 <0.05
MGDG_34:3 4.256 771 0.12943 ± 0.01962 -0.73 ± 0.38 0.73 ± 0.38
MGDG_34:4 3.995 769 0.01730 ± 0.00341 -0.59 ± 0.46 0.59 ± 0.52
MGDG_34:5 3.779 767 0.01393 ± 0.00357 -0.79 ± 0.39 0.79 ± 0.23 <0.05
MGDG_34:6 3.598 765 0.00437 ± 0.00163 -0.35 ± 0.28 0.35 ± 0.79
MGDG_36:4 4.305 797 0.07877 ± 0.01794 -0.58 ± 0.50 0.58 ± 0.50
MGDG_36:5 4.071 795 0.21667 ± 0.01335 -0.76 ± 0.20 0.76 ± 0.47 <0.05
MGDG_36:6 3.856 793 5.18140 ± 0.43196 -0.78 ± 0.26 0.78 ± 0.40 <0.05
DGDG_34:0 4.736 939 0.00020 ± 0.00010 0.42 ± 0.69 -0.42 ± 0.43
DGDG_34:2 4.152 935 0.04563 ± 0.00956 -0.34 ± 0.53 0.34 ± 0.66
DGDG_34:3 3.945 933 0.57190 ± 0.08192 -0.59 ± 0.56 0.59 ± 0.42
DGDG_34:4 3.702 931 0.00440 ± 0.00332 -0.58 ± 0.60 0.58 ± 0.38
DGDG_34:5 3.522 929 0.00017 ± 0.00009 -0.76 ± 0.44 0.76 ± 0.25 <0.05
DGDG_34:6 3.342 927 0.00007 ± 0.00003 0.69 ± 0.58 -0.69 ± 0.18
DGDG_36:2 4.546 963 0.00203 ± 0.00107 -0.82 ± 0.30 0.82 ± 0.28 <0.05
DGDG_36:3 4.309 961 0.07930 ± 0.00400 -0.87 ± 0.10 0.87 ± 0.27 <0.01
DGDG_36:4 3.995 959 0.05890 ± 0.02272 0.11 ± 0.88 -0.11 ± 0.21
DGDG_36:5 3.786 957 0.04807 ± 0.00349 -0.70 ± 0.04 0.70 ± 0.58
DGDG_36:6 3.602 955 2.72787 ± 0.20744 -0.33 ± 0.50 0.33 ± 0.69
Sulfolipids
SQDG_34:1 4.003 839 0.02723 ± 0.00691 0.35 ± 0.65 -0.35 ± 0.54
SQDG_34:2 3.797 837 0.03787 ± 0.00227 -0.87 ± 0.17 0.87 ± 0.20 <0.01
SQDG_34:3 3.628 835 0.19927 ± 0.02504 0.29 ± 0.83 -0.29 ± 0.25
SQDG_36:3 3.925 863 0.00520 ± 0.00062 -0.69 ± 0.11 0.69 ± 0.59
SQDG_36:4 3.668 861 0.01167 ± 0.00374 -0.12 ± 0.84 0.12 ± 0.32
SQDG_36:5 3.492 859 0.01867 ± 0.00211 -0.71 ± 0.41 0.71 ± 0.41
SQDG_36:6 3.318 857 0.06410 ± 0.00879 -0.54 ± 0.53 0.54 ± 0.51
Glucosylceramides
GlcCer_d18:1/h16:0 3.984 717 0.00000 ± 0.00000 -0.28 ± 0.05 0.28 ± 0.87
GlcCer_t18:1/h16:0 3.749 733 0.01033 ± 0.00385 -0.61 ± 0.59 0.61 ± 0.34
GlcCer_t18:1/h22:0 4.942 817 0.00563 ± 0.00321 -0.37 ± 0.31 0.37 ± 0.77
GlcCer_t18:1/h24:0 5.415 845 0.02057 ± 0.00689 -0.50 ± 0.64 0.50 ± 0.41
GlcCer_t18:1/h26:0 5.912 873 0.00117 ± 0.00058 -0.45 ± 0.33 0.45 ± 0.72
GlcCer_t18:1/h26:1 5.416 871 0.00010 ± 0.00010 0.38 ± 0.81 -0.38 ± 0.18
Glucuronosyldiacylglycerols
GlcADG_34:2 4.126 787 0.00017 ± 0.00009 -0.49 ± 0.05 0.49 ± 0.77
GlcADG_34:3 3.929 785 0.00050 ± 0.00050 -0.51 ± 0.33 0.51 ± 0.68
GlcADG_34:4 3.714 783 0.00003 ± 0.00003 0.71 ± 0.57 -0.71 ± 0.10
GlcADG_36:5 3.777 809 0.00003 ± 0.00003 -0.33 ± 0.10 0.33 ± 0.84
GlcADG_36:6 3.602 807 0.00063 ± 0.00032 0.11 ± 0.50 -0.11 ± 0.76
DHP IS Normalized IS of DHP
Normalized IS of 
SP
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Appendix - Chapter 5 
  
Figure S 5.1 Heatmap of lipids significantly different between treatments (identified 
by two-way ANOVA). Each column represents an individual sample. 
  
Control Shade UV-exc. Control Shade UV-exc. Control Shade UV-exc. Control Shade UV-exc.
High P Low P High P Low P
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Table S 5.1 Individual membrane lipid compounds significantly different between 
treatments. Values shown are means ± SE (n = 6) for high P, control plants. P-values 
indicate significantly different means between sites from a two-way ANOVA. 
 
  
Compound Phosphorus Light Interaction
DGDG(36:1) 45.4 ± 2.0 0.22 ± 0.33 < 0.01 < 0.01
MGDG(36:1) 0.008 ± 0.002 -0.09 ± 0.35 < 0.05
DGDG(38:5) 0.015 ± 0.002 -0.53 ± 0.22 < 0.05
MGDG(38:3) 0.001 ± 0.000 -0.69 ± 0.19 < 0.01
DGDG(38:4) 0.031 ± 0.004 -0.55 ± 0.24 < 0.001
MGDG(38:6) 0.032 ± 0.005 -0.43 ± 0.21 < 0.05 < 0.05
MGDG(38:4) 0.046 ± 0.008 -0.58 ± 0.28 < 0.01
SQDG(36:6) 0.000 ± 0.000 -0.87 ± 0.17 < 0.05 < 0.001
SQDG(36:4) 0.018 ± 0.005 -0.08 ± 0.34 < 0.01
MGDG(36:4) 0.018 ± 0.002 -0.87 ± 0.12 < 0.001 < 0.001
MGDG(36:3) 0.005 ± 0.001 -0.39 ± 0.14 < 0.01 < 0.01 < 0.05
MGDG(36:2) 0.019 ± 0.003 -0.59 ± 0.07 < 0.001 < 0.05
DGDG(36:3) 0.69 ± 0.04 -0.71 ± 0.11 < 0.001
DGDG(36:2) 1.62 ± 0.16 -0.67 ± 0.16 < 0.001 < 0.01 < 0.05
MGDG(34:3) 3.26 ± 0.20 -0.88 ± 0.05 < 0.001 < 0.05
DGDG(34:3) 0.42 ± 0.02 -0.9 ± 0.06 < 0.001 < 0.001 < 0.001
SQDG(32:0) 0.000 ± 0.000 -0.94 ± 0.05 < 0.001 < 0.001 < 0.001
DGDG(34:2) 0.037 ± 0.004 -0.9 ± 0.06 < 0.001 < 0.01 < 0.001
MGDG(34:2) 0.22 ± 0.02 -0.94 ± 0.08 < 0.001 < 0.001 < 0.05
SQDG(34:3) 0.006 ± 0.001 -0.97 ± 0.08 < 0.001
DGDG(36:4) 0.63 ± 0.04 -0.73 ± 0.06 < 0.001 < 0.01
DGDG(34:1) 0.013 ± 0.002 -0.93 ± 0.04 < 0.001
MGDG(34:1) 1.29 ± 0.09 -0.99 ± 0.08 < 0.001
SQDG(34:1) 0.000 ± 0.000 -0.76 ± 0.06 < 0.001 < 0.05
DGDG(34:6) 0.089 ± 0.005 -0.96 ± 0.28 < 0.001
DGDG(34:5) 0.34 ± 0.01 -0.87 ± 0.18 < 0.001
DGDG(34:4) 7.97 ± 0.47 -0.06 ± 0.16 < 0.001 < 0.001
MGDG(34:4) 0.80 ± 0.06 -0.24 ± 0.18 < 0.001 < 0.001
MGDG(34:6) 0.23 ± 0.02 -0.3 ± 0.42 < 0.001
MGDG(34:5) 0.49 ± 0.07 0.1 ± 0.42 < 0.001
MGDG(36:6) 0.002 ± 0.001 -0.25 ± 0.21 < 0.001 < 0.05
PS(36:5) 0.000 ± 0.000 0.02 ± 0.18 < 0.001
SQDG(32:1) 0.000 ± 0.000 -0.63 ± 0.11 < 0.001
SQDG(34:4) 0.89 ± 0.06 -0.37 ± 0.09 < 0.001 < 0.01
LPC(18:2) 0.090 ± 0.011 0.11 ± 0.31 < 0.001
PC(36:4) 0.58 ± 0.07 -0.19 ± 0.12 < 0.01 < 0.05
PC(38:2) 0.034 ± 0.004 0.52 ± 0.19 < 0.001
PC(40:2) 0.027 ± 0.003 0.26 ± 0.09 < 0.001 < 0.05
PI(36:4) 0.000 ± 0.000 0.37 ± 0.14 < 0.001 < 0.01
PG(34:2) 0.004 ± 0.001 0.02 ± 0.2 < 0.001 < 0.01
PC(38:5) 0.027 ± 0.003 0.17 ± 0.15 < 0.001 < 0.05
PC(36:2) 2.85 ± 0.14 0.31 ± 0.16 < 0.001 < 0.05
PC(34:2) 0.076 ± 0.003 0.34 ± 0.09 < 0.001 < 0.01
PC(36:5) 0.48 ± 0.04 0.24 ± 0.16 < 0.001 < 0.05
PA(34:1) 0.004 ± 0.002 0.51 ± 0.2 < 0.01
PC(34:1) 0.017 ± 0.001 0.33 ± 0.24 < 0.001
PC(36:3) 1.42 ± 0.17 0.6 ± 0.12 < 0.001
PG(34:3) 0.011 ± 0.001 0.24 ± 0.1 < 0.001 < 0.001 < 0.01
PG(34:1) 0.005 ± 0.001 0.13 ± 0.14 < 0.001 < 0.01
PI(36:1) 0.004 ± 0.000 0.08 ± 0.5 < 0.05
PA(36:5) 0.021 ± 0.002 -0.25 ± 0.19 < 0.01 < 0.01
PA(36:4) 0.031 ± 0.003 -0.46 ± 0.1 < 0.01
PA(34:2) 0.000 ± 0.000 0.07 ± 0.28 < 0.001 < 0.001
PA(36:2) 0.004 ± 0.001 -0.01 ± 0.22 < 0.01 < 0.05
PS(34:2) 0.004 ± 0.000 -0.01 ± 0.1 < 0.01 < 0.001
PS(36:2) 0.033 ± 0.003 0.24 ± 0.22 < 0.05
LPG(18:3) 0.005 ± 0.001 0.98 ± 0.32 < 0.05
PG(34:0) 0.008 ± 0.001 0.41 ± 0.31 < 0.001
PG(36:3) 0.13 ± 0.01 0.38 ± 0.32 < 0.001
LPG(16:1) 0.23 ± 0.02 0.57 ± 0.35 < 0.001 < 0.05
DGDG(36:5) 0.038 ± 0.004 -0.66 ± 0.24 < 0.001
MGDG(36:5) 0.005 ± 0.001 -0.22 ± 0.28 < 0.05 < 0.001
P-value Normalised 
conc. for high P, 
control plants
Leaf conc. in high 
P, control plants 
(nmol mg-1 DW)
 VIII 
 
 
  
Compound Phosphorus Light Interaction
SQDG(36:5) 0.001 ± 0.001 -0.56 ± 0.01 < 0.05
PG(36:5) 0.037 ± 0.004 -0.17 ± 0.24 < 0.01 < 0.05
PS(44:2) 0.027 ± 0.003 -0.23 ± 0.34 < 0.001 < 0.001
PG(32:0) 0.029 ± 0.007 1.06 ± 0.12 < 0.001
PG(32:1) 0.009 ± 0.001 1.33 ± 0.07 < 0.001 < 0.001 < 0.001
PC(38:6) 0.055 ± 0.004 1.12 ± 0.05 < 0.001 < 0.01
PI(34:3) 0.002 ± 0.000 1.22 ± 0.11 < 0.001 < 0.01
PI(36:6) 0.000 ± 0.000 1.29 ± 0.23 < 0.001 < 0.05
PC(34:4) 1.86 ± 0.17 1.12 ± 0.13 < 0.001
PC(34:3) 4.95 ± 0.20 1.03 ± 0.14 < 0.001 < 0.05
PC(36:6) 0.14 ± 0.02 1.04 ± 0.14 < 0.001 < 0.001
LPC(18:3) 0.021 ± 0.004 1.18 ± 0.16 < 0.001
PI(32:1) 0.002 ± 0.001 1.24 ± 0.2 < 0.001
PC(38:3) 0.024 ± 0.001 0.8 ± 0.1 < 0.001 < 0.01 < 0.05
PC(40:3) 0.001 ± 0.000 0.72 ± 0.19 < 0.001 < 0.05
PC(36:1) 0.21 ± 0.02 0.91 ± 0.31 < 0.001
PC(38:4) 0.018 ± 0.002 0.66 ± 0.27 < 0.001
PI(36:3) 0.001 ± 0.000 1.07 ± 0.17 < 0.001
PI(36:2) 0.001 ± 0.000 0.87 ± 0.16 < 0.001
PI(34:4) 0.012 ± 0.001 0.94 ± 0.16 < 0.001
PG(34:4) 2.05 ± 0.12 0.59 ± 0.03 < 0.001 < 0.001
PI(34:2) 0.000 ± 0.000 1.04 ± 0.06 < 0.001 < 0.05
PI(36:5) 0.001 ± 0.000 1.1 ± 0.07 < 0.001 < 0.01
PG(36:4) 0.11 ± 0.01 0.24 ± 0.14 < 0.001 < 0.01
PA(34:4) 0.033 ± 0.002 0.81 ± 0.28 < 0.001
PS(34:3) 0.003 ± 0.000 0.91 ± 0.22 < 0.01
DGDG(36:6) 0.010 ± 0.002 0.92 ± 0.3 < 0.001
PC(32:0) 0.001 ± 0.001 1.34 ± 0.31 < 0.001 < 0.01 < 0.05
PG(36:6) 0.083 ± 0.009 0.99 ± 0.36 < 0.001
LPC(16:0) 0.051 ± 0.008 1.39 ± 0.18 < 0.001 < 0.01 < 0.01
PA(34:3) 0.029 ± 0.001 0.26 ± 0.43 < 0.001 < 0.01
PA(36:6) 0.014 ± 0.002 0.37 ± 0.36 < 0.001 < 0.05
PC(40:5) 0.024 ± 0.003 0.2 ± 0.35 < 0.001 < 0.05
PC(40:4) 0.001 ± 0.000 0.48 ± 0.35 < 0.01
PE(40:2) 0.009 ± 0.002 0.66 ± 0.19 < 0.001
PE(42:2) 0.014 ± 0.002 0.65 ± 0.31 < 0.001
PE(40:3) 0.008 ± 0.001 0.97 ± 0.26 < 0.001
PE(42:3) 0.002 ± 0.000 0.81 ± 0.3 < 0.001
LPE(18:2) 0.164 ± 0.018 0.91 ± 0.39 < 0.001
PE(36:2) 0.25 ± 0.03 0.95 ± 0.33 < 0.001
PE(36:3) 0.25 ± 0.04 1.04 ± 0.33 < 0.001
PE(34:2) 0.006 ± 0.001 0.88 ± 0.28 < 0.001
PE(36:5) 0.027 ± 0.004 0.82 ± 0.36 < 0.001
PS(40:2) 0.009 ± 0.002 0.42 ± 0.18 < 0.001 < 0.05
PS(42:2) 0.16 ± 0.03 0.54 ± 0.21 < 0.001 < 0.01
PE(36:4) 0.14 ± 0.03 0.45 ± 0.34 < 0.001
PE(38:4) 0.003 ± 0.000 0.63 ± 0.29 < 0.001
PE(42:4) 0.015 ± 0.003 0.97 ± 0.45 < 0.01 < 0.05
LPE(16:0) 103.5 ± 5.9 1.26 ± 0.26 < 0.001 < 0.05
PE(34:3) 0.52 ± 0.06 1.27 ± 0.3 < 0.001
PE(36:6) 0.016 ± 0.003 1.29 ± 0.37 < 0.001 < 0.05
LPE(18:3) 0.008 ± 0.002 1.38 ± 0.24 < 0.001
PE(34:4) 0.41 ± 0.07 1.26 ± 0.23 < 0.001
PE(38:6) 0.002 ± 0.000 0.99 ± 0.21 < 0.001
PE(38:3) 0.001 ± 0.000 1.04 ± 0.36 < 0.001
PE(32:0) 0.015 ± 0.001 0.84 ± 0.49 < 0.01
PE(34:1) 0.001 ± 0.000 1.66 ± 0.42 < 0.001 < 0.01 < 0.01
PE(36:1) 0.008 ± 0.001 1.27 ± 0.76 < 0.01 < 0.05
PE(32:3) 0.002 ± 0.000 1.27 ± 0.57 < 0.001
PE(38:5) 0.004 ± 0.001 0.62 ± 0.55 < 0.001
PE(32:2) 0.002 ± 0.000 1.52 ± 0.42 < 0.001 < 0.001 < 0.01
PE(32:1) 0.001 ± 0.000 1.09 ± 0.25 < 0.001
P-value Leaf conc. in high 
P, control plants 
(nmol mg-1 DW)
Normalised 
conc. for high P, 
control plants
 IX 
Appendix - Chapter 6 
 
Table S 6.1 Foliar concentrations of major membrane lipid classes in the acclimation 
experiment. Values are means ± SE (n = 4). P-values are shown for species, P 
treatment, light treatment and interactions between factors (* = P < 0.05, ** = P < 
0.01, *** = P < 0.001). Lower case letters indicate significantly different means 
between species by post-hoc Fisher’s LSD test 
 
. 
  
Lipid group
P-value 
(species)
P-value 
(P)
P-value 
(light) Interactions
PC (nmol mg-1 DW) *** ** NS. NS.
S. graminifolium 3.4 (0.4) 3.6 (0.2) 2.3 (0.5) 3.4 (0.3) a
R. graniticola 9.8 (0.6) 11.1 (1.1) 8.5 (0.4) 8.6 (0.8) b
M. lanceolata 7.8 (1.2) 8.0 (0.4) 5.9 (0.3) 7.4 (1.1) c
PG (nmol mg-1 DW) *** ** NS. NS.
S. graminifolium 0.7 (0.2) 0.7 (0.1) 0.6 (0.2) 0.7 (0.2) a
R. graniticola 4.7 (0.4) 5.6 (0.4) 3.9 (0.4) 4.7 (0.5) b
M. lanceolata 3.3 (0.7) 3.5 (0.4) 2.0 (0.4) 2.1 (0.6) c
PE (nmol mg-1 DW) *** ** NS. NS.
S. graminifolium 1.2 (0.2) 1.3 (0.1) 0.7 (0.1) 1.4 (0.1) a
R. graniticola 4.4 (0.5) 4.6 (0.7) 3.7 (0.4) 3.6 (0.1) b
M. lanceolata 2.5 (0.5) 3.4 (0.1) 1.9 (0.2) 2.1 (0.2) c
PI (nmol mg-1 DW) *** ** NS. NS.
S. graminifolium 0.9 (0.03) 0.8 (0.07) 0.5 (0.09) 0.8 (0.04) a
R. graniticola 2.8 (0.21) 3.0 (0.36) 2.4 (0.26) 2.6 (0.03) b
M. lanceolata 2.8 (0.40) 3.0 (0.10) 2.0 (0.25) 2.2 (0.47) b
PA (nmol mg-1 DW) *** NS. NS. NS.
S. graminifolium 0.19 (0.05) 0.24 (0.03) 0.12 (0.03) 0.17 (0.04) a
R. graniticola 0.82 (0.05) 1.01 (0.15) 0.81 (0.16) 0.86 (0.08) b
M. lanceolata 1.51 (0.24) 2.15 (0.11) 1.42 (0.42) 1.36 (0.27) c
PS (nmol mg-1 DW) *** * NS. NS.
S. graminifolium 0.033 (0.001) 0.027 (0.002) 0.025 (0.004) 0.027 (0.003) a
R. graniticola 0.048 (0.005) 0.045 (0.004) 0.043 (0.002) 0.041 (0.005) b
M. lanceolata 0.074 (0.011) 0.081 (0.005) 0.060 (0.007) 0.072 (0.006) c
Lyso PC (nmol mg-1 DW) NS. NS. NS. NS.
S. graminifolium 0.073 (0.021) 0.084 (0.013) 0.051 (0.005) 0.092 (0.018) a
R. graniticola 0.096 (0.013) 0.112 (0.015) 0.153 (0.052) 0.081 (0.013) a
M. lanceolata 0.093 (0.021) 0.143 (0.038) 0.104 (0.027) 0.197 (0.089) a
Lyso PG (nmol mg-1 DW) *** NS. NS. NS.
S. graminifolium 0.061 (0.013) 0.048 (0.006) 0.033 (0.004) 0.069 (0.007) a
R. graniticola 0.184 (0.035) 0.180 (0.026) 0.136 (0.016) 0.137 (0.014) b
M. lanceolata 0.090 (0.014) 0.123 (0.012) 0.092 (0.014) 0.108 (0.010) c
Lyso PE (nmol mg-1 DW) *** * NS. NS.
S. graminifolium 0.040 (0.009) 0.045 (0.006) 0.024 (0.003) 0.049 (0.008) a
R. graniticola 0.113 (0.008) 0.119 (0.016) 0.106 (0.006) 0.094 (0.005) b
M. lanceolata 0.065 (0.016) 0.090 (0.007) 0.054 (0.013) 0.073 (0.015) c
MGDG (nmol mg-1 DW) *** NS. * NS.
S. graminifolium 26.3 (2.0) 28.6 (0.6) 22.1 (6.2) 30.0 (2.3) a
R. graniticola 47.6 (2.3) 53.8 (9.6) 43.9 (2.4) 48.8 (3.5) b
M. lanceolata 56.5 (7.5) 60.2 (2.2) 47.6 (3.5) 57.2 (5.8) c
DGDG (nmol mg-1 DW) *** NS. NS. NS.
S. graminifolium 14.5 (1.3) 15.5 (0.4) 12.8 (4.1) 16.9 (1.5) a
R. graniticola 30.5 (1.9) 33.6 (4.0) 28.3 (2.4) 30.1 (1.0) b
M. lanceolata 33.3 (4.3) 35.4 (2.6) 27.4 (2.7) 30.4 (2.6) b
SQDG (nmol mg-1 DW) *** NS. NS. NS.
S. graminifolium 0.097 (0.013) 0.098 (0.007) 0.071 (0.026) 0.120 (0.017) a
R. graniticola 0.099 (0.008) 0.100 (0.021) 0.101 (0.017) 0.093 (0.010) a
M. lanceolata 0.224 (0.031) 0.232 (0.028) 0.192 (0.035) 0.228 (0.045) b
Total lipids (nmol mg-1 DW) *** NS. NS. NS.
S. graminifolium 47.5 (4.1) 51.0 (0.7) 39.3 (11.2) 53.8 (4.1) a
R. graniticola 101.1 (5.7) 113.2 (16.1) 92.1 (5.3) 99.6 (4.2) b
M. lanceolata 108.1 (7.5) 116.3 (5.3) 88.5 (7.5) 103.5 (11.5) b
High P Low P
ShadeControl Control Shade
 X 
Table S 6.2 Foliar concentrations of major membrane lipid classes in the adaptation 
study. Values are means ± SE (n = 4). P-values are shown for species, P treatment, 
light treatment and interactions between factors (* = P < 0.05, ** = P < 0.01, *** = P < 
0.001). Lower case letters indicate significantly different means between species by 
post-hoc Fisher’s LSD test. 
 
 
Lipid group
P-value 
(species)
P-value 
(P)
P-value 
(light) Interactions
PC (nmol mg-1 DW) *** * * S x P **
S. graminifolium 3.3 (0.3) 3.0 (0.3) 2.3 (0.1) 2.9 (0.1) a P x L **
R. graniticola 9.5 (0.7) 9.6 (1.5) 6.4 (0.4) 7.8 (0.4) b
C. jamesii 4.9 (1.1) 4.6 (0.3) 3.8 (0.2) 6.7 (0.6) c
PG (nmol mg-1 DW) *** * NS. S x P **
S. graminifolium 1.0 (0.1) 0.9 (0.1) 0.7 (0.1) 1.0 (0.1) a P x L **
R. graniticola 5.4 (0.7) 4.8 (0.8) 3.3 (0.3) 3.8 (0.2) b
C. jamesii 1.9 (0.8) 1.9 (0.1) 1.6 (0.1) 2.6 (0.3) c
PE (nmol mg-1 DW) *** NS. ** S x P **
S. graminifolium 1.3 (0.1) 1.2 (0.1) 1.1 (0.1) 1.4 (0.1) a S x P x L *
R. graniticola 4.1 (0.2) 4.9 (0.7) 4.1 (0.4) 4.2 (0.2) b
C. jamesii 1.6 (0.4) 2.0 (0.1) 1.8 (0.1) 3.6 (0.6) c
PI (nmol mg-1 DW) *** NS. ** S x P *
S. graminifolium 0.7 (0.06) 0.8 (0.05) 0.7 (0.05) 0.8 (0.04) a
R. graniticola 2.9 (0.15) 3.4 (0.45) 2.6 (0.19) 2.8 (0.14) b
C. jamesii 2.4 (0.24) 2.7 (0.15) 2.2 (0.14) 3.6 (0.53) b
PA (nmol mg-1 DW) *** NS. * S x P ***
S. graminifolium 0.12 (0.01) 0.13 (0.01) 0.08 (0.01) 0.12 (0.01) a P x L **
R. graniticola 0.98 (0.10) 0.86 (0.12) 0.47 (0.05) 0.68 (0.09) b
C. jamesii 0.33 (0.09) 0.32 (0.06) 0.26 (0.02) 0.65 (0.13) c
PS (nmol mg-1 DW) *** ** NS. NS.
S. graminifolium 0.016 (0.001) 0.017 (0.002) 0.013 (0.001) 0.014 (0.001) a
R. graniticola 0.031 (0.004) 0.023 (0.005) 0.016 (0.002) 0.018 (0.002) b
C. jamesii 0.027 (0.003) 0.027 (0.003) 0.023 (0.003) 0.030 (0.003) c
Lyso PC (nmol mg-1 DW) NS. NS. NS. NS.
S. graminifolium 0.045 (0.014) 0.047 (0.005) 0.075 (0.019) 0.051 (0.009) a
R. graniticola 0.056 (0.009) 0.070 (0.008) 0.058 (0.006) 0.059 (0.009) a
C. jamesii 0.059 (0.022) 0.044 (0.004) 0.042 (0.005) 0.056 (0.009) a
Lyso PG (nmol mg-1 DW) *** NS. *** S x P **
S. graminifolium 0.033 (0.010) 0.059 (0.014) 0.053 (0.011) 0.057 (0.010) a S x L **
R. graniticola 0.099 (0.017) 0.319 (0.048) 0.147 (0.017) 0.119 (0.016) b P x L ***
C. jamesii 0.053 (0.019) 0.100 (0.021) 0.076 (0.016) 0.080 (0.013) c S x P x L ***
Lyso PE (nmol mg-1 DW) *** NS. * S x P **
S. graminifolium 0.042 (0.007) 0.037 (0.003) 0.048 (0.008) 0.045 (0.005) a
R. graniticola 0.121 (0.008) 0.147 (0.022) 0.097 (0.009) 0.103 (0.008) b
C. jamesii 0.046 (0.013) 0.061 (0.006) 0.045 (0.004) 0.086 (0.013) c
MGDG (nmol mg-1 DW) *** *** * S x P ***
S. graminifolium 30.7 (2.2) 27.4 (2.1) 31.8 (1.9) 33.4 (1.7) a
R. graniticola 90.4 (7.8) 98.1 (15.0) 45.0 (3.3) 55.3 (4.9) b
C. jamesii 29.6 (9.6) 35.6 (2.7) 26.6 (1.7) 42.5 (6.0) a
DGDG (nmol mg-1 DW) *** NS. ** S x P **
S. graminifolium 17.4 (1.6) 15.9 (1.5) 16.8 (1.0) 18.4 (0.9) a
R. graniticola 33.2 (1.7) 35.4 (4.6) 26.5 (1.8) 29.3 (1.4) b
C. jamesii 16.9 (3.2) 20.2 (1.3) 16.5 (1.0) 26.1 (3.8) c
SQDG (nmol mg-1 DW) ** ** *** S x P *
S. graminifolium 0.064 (0.012) 0.061 (0.005) 0.058 (0.004) 0.076 (0.004) a S x L *
R. graniticola 0.039 (0.003) 0.058 (0.007) 0.055 (0.005) 0.057 (0.004) b
C. jamesii 0.048 (0.005) 0.067 (0.005) 0.063 (0.006) 0.118 (0.019) c
Total lipids (nmol mg-1 DW) *** ** * S x P ***
S. graminifolium 54.6 (4.4) 49.6 (3.9) 53.6 (3.1) 58.2 (2.7) a
R. graniticola 146.8 (9.2) 157.5 (22.9) 88.7 (6.1) 104.1 (6.3) b
C. jamesii 57.8 (14.9) 67.7 (4.4) 53.0 (3.0) 86.2 (11.8) c
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